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ABSTRACT 

The potential seismic risk for an underground nuclear waste 
repository will be one of the considerations in evaluating its 
ultimate location. However, the risk to subsurface facilities 
cannot be judged by applying intensity ratings derived from the 
surface effects of an earthquake. 
mining circles that the damage caused by an earthquake is 
significantly less in the subsurface than it is at the surface; 
mines have operated f o r  a substantial period of time in some of 
the most seismically active regions of the world. 

It is common knowledge in 

If the smaller damage effects of earthquakes in the sub- 
surface are to be used in assessing the hazard to an underground 
nuclear waste repository, then a quantitative data base is needed 
to replace the general precept that earthquake damage is minimal 
to nonexistent in the subsurface. The purpose of this study was 
t o  develop such a quantitative data base. 

A literature review and analysis were performed to document 
the damage and non-damage due to earthquakes to underground 
facilities. Damage from earthquakes to tunnels, mines, and wells 
and damage (rock bursts) from mining operations were investigated. 
Damage from documented nuclear events was also included in the 
study where applicable. 

Principal conclusions developed in this study are: 

0 There are very few data on damage in the subsurface due to 
earthquakes. This fact itself attests to the lessened effect 
of  earthquakes in the subsurface because mines exist in areas 
where strong earthquakes have done extensive surface damage. 

0 More damage is reported in shallow tunnels near the surface 
than in deep mines. 

0 In mines and tunnels, large displacements occur primarily 
along pre-existing faults and fractures o r  at the surface 
entrance to these facilities. 

0 Data indicate vertical structures such as wells and shafts 
are less susceptible to damage than surface facilities. 

0 More analysis is required before seismic criteria can be 
formulated f o r  the siting of a nuclear waste repository. 
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PREFACE 

The Nat ional  Waste Terminal Storage Program was i n i t i a t e d  
t o  conduct t h e  research  t o  select  a s i t e  f o r  t h e  d i sposa l  of  
h igh- leve l  r a d i o a c t i v e  waste i n  deep geologic  formations.  
p a r t  o f  t h i s  program, t h e  Savannah River Laboratory i s  conducting 
geologic  research  t h a t  i s  p a r t i c u l a r l y  r e l evan t  t o  p o t e n t i a l  
r e p o s i t o r y  s i tes  i n  t h e  Southeast  and of  gene r i c  a p p l i c a b i l i t y .  
One gene r i c  s tudy  i n  t h i s  program i s  concerned with ear thquake 
damage t o  a r e p o s i t o r y  i n  a geologic  media. Part of t h i s  s tudy  
was conducted by Terra Tek under c o n t r a c t  t o  t h e  Savannah River 
Laboratory.  
of t h e  s tudy .  

As 

This r e p o r t  p re sen t s  t h e  r e s u l t s  o f  t h e  f i rs t  phase 
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EARTHQUAKE DAMAGE TO UNDERGROUND FACILITIES 

INTRODUCTION 

The p o t e n t i a l  seismic r i s k  f o r  an underground n u c l e a r  waste 
r e p o s i t o r y  i s  considered i n  eva lua t ing  t h e  u l t i m a t e  l o c a t i o n  of 
t he  f a c i l i t y .  The p o s s i b l e  damage r e s u l t i n g  from e i t h e r  la rge-  
scale displacements  o r  h igh  a c c e l e r a t i o n s  should be considered 
i n  eva lua t ing  a p o t e n t i a l  s i t e .  
r e p o s i t o r y  s i t e d  i n  one o r  more o f  a v a r i e t y  o f  geologic  media 
a t  depths  ranging from 500 t o  1500 meters (m). 
being considered inc lude  s a l t ,  s h a l e  ( a r g i l l i t e ) ,  and c r y s t a l l i n e  
rock.  Independent geologic  s t u d i e s  are being conducted t o  assess 
t h e  f e a s i b i l i t y  o f  s i t i n g  a r e p o s i t o r y  i n  t h e s e  media i n  t h e  
c o n t i n e n t a l  United S t a t e s .  

Current concepts env i s ion  a 

The geologic  media 

Sca t t e red  through t h e  a v a i l a b l e  l i t e r a t u r e  are s ta tements  
t o  t h e  effect  t h a t  below a few hundred meters shaking and damage 
i n  mines a r e  less than  a t  t h e  su r face ;  however, d a t a  f o r  decreased 
damage underground have not  been completely r epor t ed  and explained.  

In o rde r  t o  assess t h e  se i smic  r i s k  f o r  an underground 
r epos i to ry ,  a d a t a  base must be e s t a b l i s h e d  and analyzed t o  
eva lua te  t h e  p o t e n t i a l  f o r  seismic d is turbance .  To develop t h i s  
d a t a  base,  a search  o f  t h e  l i t e r a t u r e  was made t o  document t h e  
damage o r  non-damage t o  underground f a c i l i t i e s  due t o  ear thquakes 
and t o  eva lua te  t h e  s i g n i f i c a n c e  o f  t hese  da t a .  
r e p o r t s  l i s t e d  damage from ear thquakes t o  underground s t r u c t u r e  
such as mines and tunnels ,  but  t h e s e  were p r imar i ly  of  a q u a l i t a -  
t i v e  na tu re .  
i n  s e v e r a l  p a r t s  of t h e  world were documented i n  1959. 
r e c e n t l y ,  t h e  effect  o f  earthquakes on shallow tunne l s  , g r i g r i l y  
i n  t h e  United S t a t e s ,  has  been c o l l e c t e d  and analyzed. 
a d d i t i o n  t o  t h e s e  da t a ,  a l a r g e  number o f  i nd iv idua l  r e p o r t s  have 
ind ica t ed  both damage and non-damage r e s u l t i n g  from ear thquakes 

A number o f  

Displacements a s soc ia t ed  with f o u r  major earthquakes 
More 

o f  magnitudes g r e a t e r  than  5 .  4 -  8 

In a d d i t i o n  t o  these  d a t a ,  o t h e r  sources  of p o t e n t i a l  
information were inves t iga t ed .  These inc lude :  

0 More complete and r e c e n t  d a t a  from fo re ign  sources  i n  ea r th -  
quake prone areas such as Japan. 

Data from mining opera t ions  where earthquakes are i n i t i a t e d  
by t h e  mining process .  
terms o f  t h e  p o t e n t i a l  damage from equiva len t  f a r - f i e l d  
ear thquakes . )  

0 

(These needed t o  be evaluated i n  
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0 Resu l t s  from t h e  nuc lea r  events  a t  t h e  Nevada Test  S i t e  
and t h e  Alaskan Tes t  S i t e  as well as Plowshare experiments.  
These tes ts  provide  t h e  most q u a n t i t a t i v e  d a t a  i n  t h e  near-  
f i e l d  environment. These tes ts  were well instrumented and 
may assist i n  eva lua t ing  and e s t a b l i s h i n g  damage c r i t e r i a  
with r e s p e c t  t o  t h e  seismic spectrum r e s u l t i n g  from an 
earthquake. 

Recent t e c h n i c a l  in te rchange  with t h e  Chinese, Russians,  
and Japanese has  increased  our  d a t a  base  s i g n i f i c a n t l y  with 
r e spec t  t o  methods f o r  earthquake p r e d i c t i o n  and t h e  damage 
r e s u l t i n g  from d e s t r u c t i v e  ear thquakes.  
were contac ted  as well as t h e  United S t a t e s  geo log i s t s  (Raleigh 
and Brace) who have made r ecen t  t r i p s  t o  t h e s e  coun t r i e s .  Also 
t h e  cognizant  groups i n  Asia, Europe, and South America were 
contac ted  f o r  p e r t i n e n t  information.  
s tudy  t o  ga the r  as l a r g e  a d a t a  base as p o s s i b l e  because o f  t h e  
r e l a t i v e l y  in f r equen t  occurrence o f  l a r g e  earthquakes i n  any 
one country.  

Thes,e fo re ign  groups 

I t  was t h e  aim o f  t h e  

Data on mines and mining opera t ions  were c o l l e c t e d  from 
government agencies  (U. S .  Geological Survey, U .  S.  Bureau of  
Mines, C a l i f o r n i a  Div is ion  of Mines and Geology, e t c . ) .  
Personnel i n  those  agencies  were contac ted  f o r  publ ished d a t a  
and ind iv idua l  d i scuss ion .  

Nuclear events  provided a q u a n t i t a t i v e  d a t a  base f o r  t h e  
n e a r - f i e l d  e f f e c t s  i n  reg ion  of  l a r g e  displacements and high 
a c c e l e r a t i o n .  Nuclear events  l i k e  BOXCAR, BENHAM, MILRC)W, and 
C A N N I K I N  were g r e a t e r  than  one megaton (>1 Mt), equiva len t  t o  a 
magnitude of  -6.5 ear thquake.  '-'' Scaled ground motion d a t a  
from a number o f  t h e s e  sources  may provide p a r t  o f  t h e  empir ica l  
b a s i s  t o  e s t a b l i s h  a damage c r i t e r i a  f o r  a waste r epos i to ry .  

BACKGROUND 

The focus ,  o r  hypocenter,  o f  an earthquake i s  t h e  source of 
t h e  waves t h a t  form t h e  ear thquake.  The depth of  focus i s  t h e  
depth o f  t h e  source below t h e  s u r f a c e .  

Earthquakes are c l a s s i f i e d  by depth of  focus as fo l lows:  

Shallow 0- 70 km 

In te rmedia te  70- 300 km 

Deep 300- 700 km 

- 10 - 



The ep icen te r  i s  t h e  po in t  on t h e  e a r t h ' s ' s u r f a c e  above t h e  
focus of t h e  earrhquake. 

The magnitude of  an earthquake i s  a measure of ground motion 
recorded a t  a seismic s t a t i o n . '  The term was o r i g i n a l l y  def ined 
by R ich te r  (1935)12 t o  f a c i l i t a t e  comparison o f  t h e  amount o f  
energy r e l eased  i n  ear thquakes.  
done wi th  d a t a  from shal low ear thquakes i n  southern  C a l i f o r n i a  
and ad jo in ing  states. 

R i c h t e r ' s  o r i g i n a l  work was 

Richter12 def ined  l o c a l  magnitude (ML) as t h e  logari thm 
(base 10) o f  t h e  l a r g e s t  amplitude measured i n  microns (0.001 mm) 
on t h e  record  made by a s tandard  Wood-Anderson t o r s i o n  seismometer 
(per iod = 8.0 seconds,  magni f ica t ion  = 2800, and damping f a c t o r  = 
0.8)  a t  a d i s t a n c e  of  100 km from t h e  e p i c e n t e r  o f  t h e  earthquake. 
The magnitude o f  an ear thquake recorded a t  o t h e r  d i s t a n c e s  can be 
determined i f  i t  i s  known how t h e  l a r g e s t  amplitude v a r i e s  with 
d i s t ance .  

Gutenberg and Richter12 " i n v e s t i g a t e d  t h e  r e l a t i o n  
between t h e  energy r e l eased  by an ear thquake and i t s  magnitude 
and found t h a t  

loglo E = 5.8 + 2.4m 

and s i n c e  t h e  body-wave magnitude m = 2.5 + 0.63M, t h i s  is  
equiva len t  t o  

loglo E = 11.4 + 1.5M 

where E = t o t a l  energy r e l eased  by an earthquake i n  e rgs ,  and 
M = magnitude o f  an  earthquake determined from su r face  waves. 

The i n t e n s i t y  of an earthquake i s  t h e  amount of shaking, 
damage t o  proper ty ,  and e a r t h  deformation f e l t  o r  observed a t  
a given p l ace .  I n t e n s i t y  is  measured i n  terms of  a r b i t r a r i l y  
def ined  s c a l e s .  The most widely used i n t e n s i t  scale i s  t h e  
Modified Mercalli (MM) scale shown i n  Table  1. '' Richter15  
p o i n t s  ou t  t h a t  t h e  i n t e n s i t y  of an earthquake does n o t  r ep resen t  
a measurement, bu t  a r a t i n g ,  developed by a p r a c t i c e d  observer ,  
from r e p o r t s  given by t h e  pub l i c .  
roughly with magnitude by t h e  r e l a t i o n s h i p ,  

I n t e n s i t y  has  been c o r r e l a t e d  

M = l + f - I  
3 0  

however, t h i s  impl ies  t h a t  t h e  i n t e n s i t y  i s  a t r u e  numerical 
q u a n t i t y  which i n  fac t  it i s  n o t .  

- 11 - 



TABLE 1 

Earthquake Measurements - 
Modified Mercalli Intensity Scale (1956 Version)a 

In tens i ty ,  
MM De scrip t i o n  

I I Not f e l t .  Marginal and long-period effects o f  l a r g e  ear thquakes.  
I1 F e l t  by persons a t  res t ,  on upper f l o o r s ,  o r  favorably placed.  

Average ground motion, 0.23% g; ground motion range, 0 . 1  t o  0.5% g. 

I11 F e l t  indoors .  Hanging o b j e c t s  swing. Vibrat ion;  l i k e  passing of 
l i g h t  t r u c k s .  Duration e s t ima ted .  May not  be recognized as an 
ear thquake.  Average ground motion, 0.31% g; ground motion range, 
0.1 t o  0.8% g .  

o r  s e n s a t i o n  o f  a j o l t  l i k e  a heavy b a l l  s t r i k i n g  t h e  walls. 
Standing motor cars rock. Windows, d i s h e s ,  doors r a t t l e .  Glasses 
c l i n k .  Crockery c l a shes .  In t h e  upper range o f  I V ,  wooden walls 
and frame c reak .  Average ground motion, 0.93% g;  ground motion 
range, 0 .2  t o  4.6% g. 

V Fel t  outdoors ,  d i r e c t i o n  est imated.  S l eepe r s  wakened. Liquids 
d i s t u r b e d ,  some s p i l l e d .  Small uns t ab le  o b j e c t s  d i sp l aced  o r  
upse t .  Doors swing, c l o s e ,  open. S h u t t e r s  and p i c t u r e s  move. 
Pendulum clocks s t o p ,  s ta r t ,  change r a t e .  Average ground motion, 
1.33% g ;  ground motion range, 0 . 2  t o  7.5% g.  

u n s t e a d i l y .  Windows, d i s h e s ,  glassware broken. h i ck -knacks ,  
books, e t c . ,  f a l l  o f f  she lves .  P i c t u r e s  f a l l  o f f  walls. Fu rn i tu re  
moved o r  overturned.  Weak p l a s t e r  and masonry D crack.  Small 
b e l l s  r i n g  (church, s choo l ) .  Trees, bushes shaken ( v i s i b l y ,  o r  
heard t o  r u s t l e ) .  Average ground motion, 4.0% g ;  ground motion 
range, 0.5 t o  17.5% g. 

V I 1  D i f f i c u l t  t o  s t and .  Noticed by d r i v e r s  o f  motor cars. Hanging 
o b j e c t s  qu ive r .  Fu rn i tu re  broken. Damage t o  masonry D,  i nc lud ing  
c racks .  Weak chimneys broken a t  roof  l i n e .  Fal l  o f  p l a s t e r ,  
loose b r i c k s ,  s t o n e s ,  t i l e s ,  co rn ices  ( a l s o  unbraced pa rape t s  and 
a r c h i t e c t u r a l  ornaments).  Some cracks i n  masonry C .  Waves on 
ponds; water t u r b i d  with mud. Small s l i d e s  and caving-in along 
sand o r  g rave l  banks. Large b e l l s  r i n g .  Concrete i r r i g a t i o n  
d i t c h e s  damaged. Average ground motion, 6 . 7 %  g; ground motion 
range, 1 . 8  t o  14% g.  

I V  Hanging o b j e c t s  swing. Vibrat ion;  l i k e  pas s ing  o f  heavy t r u c k s ,  

VI F e l t  by a l l .  Many f r igh tened  and run outdoors .  Persons walk 

a .  Ground motion a c c e l e r a t i o n s  taken from Reference 1 4 .  
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TABLE 1 (Continued) 

Intensity,  
MM 

VI11 

IX 

X 

XI 

XI1 

Masonry A 

Masonry B 

Masonry C 

Masonry D 

Description 

Stee r ing  o f  motor cars a f f e c t e d .  Damage t o  masonry C; p a r t i a l  
co l l apse .  Some damage t o  masonry B ;  none t o  masonry A. F a l l  of 
s tucco  and some masonry wa l l s .  Twist ing,  f a l l  o f  chimneys, 
f a c t o r y  s t a c k s ,  monuments, towers, e l eva ted  t anks .  Frame houses 
moved on foundat ions i f  no t  bo l t ed  down; loose panel  wal l s  thrown 
o u t .  Decayed p i l i n g  broken o f f .  Branches broken from trees.  
Changes i n  flow o r  temperature of  sp r ings  and wells. Cracks i n  
wet ground and on s t e e p  s lopes .  
ground motion range,  5 .1  t o  35% g .  

General panic .  Masonry D destroyed;  masonry C heav i ly  damaged, 
sometimes with complete co l l apse ;  masonry B s e r i o u s l y  damaged 
(general  damage t o  foundat ions) .  Frame s t r u c t u r e s ,  i f  not  bo l t ed ,  
s h i f t e d  o f f  foundat ions.  Frames cracked.  Ser ious  damage t o  
r e s e r v o i r s .  Underground p ipes  broken. Conspicuous c racks  i n  
ground. In a l l u v i a t e d  a r e a s ,  sand and mud e j e c t e d ,  ear thquake 
foun ta ins ,  sand craters. Average ground motion, 25% e.  
Most masonry and frame s t r u c t u r e s  des t royed  with t h e i r  founda- 
t i o n s .  
Ser ious  damage t o  dams, d ikes ,  embankments. Large landsl ides’ .  
Water thrown on banks of  cana l s ,  r i v e r s ,  l akes ,  etc.  Sand and mud 
s h i f t e d  h o r i z o n t a l l y  on beaches and f l a t  land.  

Ra i l s  bent  g r e a t l y .  
s e r v i c e .  

Damage nea r ly  t o t a l .  Large rock masses d isp laced .  Lines o f  s i g h t  
and l e v e l  d i s t o r t e d .  Objects  thrown i n t o  t h e  a i r .  

Average ground motion, 1 7 . 2 %  g;  

Some w e l l - b u i l t  wooden s t r u c t u r e s  and br idges  destroyed.  

Ra i l s  bent  s l i g h t l y .  

Underground p i p e l i n e s  completely out  o f  

Good workmanship, mortar, and design;  re inforced ,  e s p e c i a l l y  
l a t e r a l l y ,  and bound t o g e t h e r  by us ing  steel ,  concre te ,  e t c . ,  
designed t o  resist l a t e r a l  f o r c e s .  
Good workmanship and mortar ;  r e in fo rced ,  bu t  no t  designed i n  d e t a i l  
t o  r e s i s t  l a t e r a l  fo rces .  

Ordinary workmanship and mortar ;  extreme weaknesses, such a s  f a i l i n g  
t o  t i e  i n  a t  corners .  
ho r i zon ta l  fo rces .  

Weak ma te r i a l s ,  such a s  adobe; poor mortar ;  low s tandards  o f  work- 
manship; weak h o r i z o n t a l l y .  

Nei ther  re inforced  no r  designed aga ins t  
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Earthquake risk maps (Figure 1) have been formulated for 
16,17 the United States based on historical damage to various areas. 

This map is directly correlative with maps showing the location 
of major earthquakes (intensity 5 or greater) up through 1970 
(Figure 2 ) .  This correlation is due to the fact that the 
risk map was developed from surface damage associated with 
historic seismicity; however, how the risk map applies to under- 
ground facilities is not yet known. 

The resulting velocity, acceleration, and displacement 
spectra from an earthquake are usually plotted as a function of 
frequency (period) on a pseudo-velocity diagram. These plots 
are helpful in evaluating and designing surface structures. 
Figure 3 shows a plot of site-independent spectra from several 
sources. 19 

Relationships of surface acceleration (Figure 4) and 
velocity (Figure 5)" have been established as a function of 
intensity and magnitude with distance. 
between predominant period and magnitude are shown as a function 
of distance (Figure 6). 

The relationships 
19 

Moderate Damage 

Major Damage 

FIGWRE 1. Risk of Damage from Earthquakes i n  the  Un i ted  States16 
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EXISTING DATA BASE ON EARTHQUAKE DAMAGE 

Tunnels and Shallow Underground Openings 

Data on the seismic stability and behavior of shallow under- 
ground openings are very well summarized in a thesis by Rozen2 
and in a paper by Dowding. 
to earthquake motions were compared. 
with intensity and magnitude as a function of distance. 
which are discussed in detail in Rozen’s thesis are given in 
Appendix A. The studies compared calculated accelerations at the 
ground surface with tunnel damage and show that the tunnels are 
less susceptible to damage than surface structures o r  facilities. 
Peak accelerations at the surface of less than 0.2 g did not 
damage the tunnels; between 0.2 and 0.5g1s, damage was only minor; 
and damage was significant only above 0.5 g (Figure 7). 2 y 3  
of  the damage that occurred was located near a portal. 
magnitude as well as Modified Mercalli intensity is correlated 
with acceleration for various cases in Figure 8. 
accelerations are correlative with large magnitudes and high 
intensities. At any one specific site, calculations of  accelerations 
were based upon the earthquake magnitude and the epicentral distance 
through attenuation laws developed by McGuire21 and shown in 
Figure 9. 2’ 
displacement levels given in Appendix A are at surface, and no 
reduction was made for attenuation with depth. 
peak surface motion and related intensity levels with observed 
underground damage. 

Observations from 71 tunnels responding 
Dynamic behavior was compared 

The cases 

Most 
Richter 

Large 2 ~ 3  

The calculated peak acceleration, velocity, and 

Rozen2 correlated 

Variation and attenuation of peak surface accelerations with 
distance show the relatively large s read depending on the model 
and the data base used (Figure 9). ”’ The variation in attenu- 
ation is further complicated because of the variety of geologic 
environments from which the data were gathered. The peak 
velocity attenuation is also a function of focal distance (Figure 
10) .2 
earthquake magnitudes do not show a great deal of difference 
between rock and alluvium. But the results in rock at 300-m 
depth by Kanai23 indicate that initial peak velocities are lower 
by a factor of -2 at depth. 
curves from a variety of sources are given in Figure 11. 

The attenuation curves of Seed22 for a wide range of 

More detailed acceleration attenuation 
2 

The data of  Rozen2 summarized in the work by Dowding3 
indicate that: (1) experience shows that tunnels are more stable 
than structures located on the surface; ( 2 )  critical frequencies 
are lower for large underground chambers than tunnels because 
of the increase in the size of underground chambers; and (3)  if 
the rock mass is considered continuous, the resonant circulation 
of surface waves in the larger chambers cannot occur at frequencies 
below 100 Hz. 
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The conceptual  designs of  a waste r e p o s i t o r y  i n d i c a t e  t h a t  
i t s  conf igu ra t ion  w i l l  probably be “10 meters, r a t h e r  than 100, 
i n  diameter ;  hence,  t h e  fol lowing conclusions a r e :  (1) cr i t ical  
f requencies  c a l c u l a t e d  from Rozen’s data’ f o r  underground open- 
ings  of  t h i s  s i z e  are -150 Hz,  and, t h e r e f o r e ,  t h re sho ld  damage 
would not  occur  un le s s  t h e  r e p o s i t o r y  was r e l a t i v e l y  c l o s e  t o  t h e  
ep icen te r ;  (2 )  peak motions may be s e l e c t i v e l y  amplif ied on a 
frequency b a s i s ;  (3) t h e  dynamic s t r e s s  concent ra t ions  a r e  prob- 
a b l y  no more than  20% g r e a t e r  than  those  caused by t h e  opening; 
and -(4) perhaps most impor tan t ly ,  t h a t  t h e  primary cause o f  
f a i l u r e  o f  t h e s e  underground excavat ions i s  r e l a t i v e  movement 
a long p r e - e x i s t i n g  f a u l t s ,  o r  a t  t h e  p o r t a l  of t h e  tunnel  which 
is loca ted  a t  ground su r face .  

Duke and Leeds’ reviewed information on tunnel  damage as 
well as some mine damage due t o  earthquakes and drew t h e  fol lowing 
conclus ions .  

0 Severe tunne l  damage appears  t o  be i n e v i t a b l e  when t h e  tunnel  
is  crossed  by a f a u l t  o r  f a u l t  f i s s u r e  which s l i p s  during 
the earthquake. 

In tunne l s  away from f a u l t  b reaks ,  severe  damage may be done 
by shaking t o  l i n i n g s  and p o r t a l s  and t o  t h e  surrounding rock,  
fo r  tunne l s  i n  t h e  e p i c e n t r a l  reg ion  of  s t rong  ear thquakes,  
where cons t ruc t ion  i s  of  marginal q u a l i t y .  S u b s t a n t i a l  
re inforced-concre te  l i n i n g  has  proved s u p e r i o r  t o  p l a i n  
concre te ,  masonry, b r i c k ,  and t imber  i n  t h i s  regard .  

Tunnels o u t s i d e  t h e  e p i c e n t r a l  reg ion  and wel l -cons t ruc ted  
tunne l s  i n  t h i s  reg ion  bu t  away from f a u l t  breaks can be 
expected t o  s u f f e r  l i t t l e  o r  no damage i n  s t rong  ear thquakes.  

Although it would seem reasonable  t h a t  competence o f  t h e  
surrounding rock would reduce t h e  l i ke l ihood  of  damage due t o  
shaking,  inadequate  comparative evidence i s  a v a i l a b l e  on t h i s  
p o i n t .  

Within t h e  usua l  range of  d e s t r u c t i v e  earthquake pe r iods ,  
i n t e n s i t y  of  shaking below ground i s  less severe  than  on t h e  
s u r f a c e .  

a 

0 

0 

0 

The fol lowing tunnel  d a t a  a r e  t h e  major examples of  damage 
1 r epor t ed  by Duke and Leeds. 

San Francisco Earthquake, 1906 

In  t h e  San Francisco ear thquake of  1906, t h e  Wright‘s 
number 1 and number 2 tunnels  on t h e  narrow gage Southern Pacif ic  
Rai l road  were damaged. The 1863-m long number 1 tunne l ,  loca ted  
i n  t h e  Santa  Cruz Mountains a t  a depth of  214 m y  was o f f s e t  
1.37-m t r a n s v e r s e  ho r i zon ta l  where it crossed  t h e  San Andreas 
f a u l t .  Other damage included t h e  caving of  rocks from t h e  roof  
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and s i d e s ,  t h e  breaking of  up r igh t  t imbers ,  the. heaving upward 
o f  r a i l s ,  and t h e  breaking of t ies.  The second tunne l ,  d i r e c t l y  
south ,  near Glenwood, was 1737 m long and 207 m deep. I t  d i d  
not  c ros s  t h e  f a u l t  and was less damaged; t imbers  were broken 
and t h e  roof  caved, blocking t h e  tunnel  a t  s e v e r a l  
Other t unne l s  i n  t h e  same area were undamaged. 

Tokyo Area, 1923 

Damage occurred t o  25 tunne l s  c l o s e  t o  t h e  e p i c e n t e r .  
damage was a t t r i b u t e d  t o  shaking and no t  t o  f a u l t  movement. 
However, t h e  cons t ruc t ion ,  c h a r a c t e r  of rock,  l eng th ,  and o t h e r  
f e a t u r e s  of t h e  tunne l s  v a r i e d  widely.  
corresponding t o  approximately 50% of t h e  houses co l lapsed ,  
tunnel  damage apparent ly  was i n s i g n i f i c a n t .  

This  

Beyond t h e  i sose ismal  

Japan Earthquake, 1930 

The Tanna tunnel  was under cons t ruc t ion  a t  t h e  time of  t h e  
earthquake. 
f a u l t  i n  one of t h e  d r a i n  tunne l s  which extended ahead o f  t h e  
main tunnel  heading. 
few cracks  i n  t h e  walls. The depth was -160 m; a c c e l e r a t i o n s  
were no t  a v a i l a b l e ,  bu t  55% o f  t h e  houses were destroyed a t  t h e  
s u r f a c e  above. 
t o  -40 m .  The rock a t  a depth of  140 m was volcanic  andes i t e .  
Faul t  displacements  a t  t h e  s u r f a c e  were less than  t h e  2 .3  m t h a t  
was measured i n  t h e  d r a i n  tunne l ,  but  t h i s  may have been because 
movement was d i f f u s e  i n  t h e  unconsol idated material near  t h e  
su r face .  

A t r a n s v e r s e  o f f s e t  o f  2.3 m was recorded along a 

The only damage t o  t h e  main tunnel  was a 

The bas in  was composed of  unconsol idated materials 

Kern County Earthquake, 1952 

Kern County, C a l i f o r n i a  ear thquake of  1952 damaged f o u r  
tunne l s  on t h e  Southern P a c i f i c  r a i l r o a d  n e a r  Tehachapi. This 
was a reg ion  of  l a r g e  ground f r a c t u r e s  wi th  movement along t h e  
White Wolf f a u l t .  This  i s  another  case where t h e  subsurface 
damage was g r e a t e r  than  t h a t  on t h e  s u r f a c e .  These tunnels  were 
i n  t h e  e p i c e n t r a l  region,  bu t  t h e  ex tens ive  damage was a t t r i b u t e d  
t o  t h e i r  l o c a t i o n  i n  t h e  f a u l t  zone where displacements exceeded 
those  a t  t h e  

In 1966, a resurvey of t h e  Claremont Water tunnel  near  
Berkeley, C a l i f o r n i a  revea led  t h r e e  c racks  i n  t h e  tunnel  a t  i t s  
i n t e r s e c t i o n  with t h e  Hayward f a u l t  zone, which were not  p re sen t  
when t h e  tunnel  was surveyed i n  1950.29 
beneath t h e  s u r f a c e  a t  t h i s  p o i n t  and shows r i g h t  l a te ra l  o f f s e t  
of 168 mm s i n c e  i t s  cons t ruc t ion .  

The tunnel  i s  -46 m 

O f  t h i s  amount, only 48 mm 
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could be accounted for as displacement due to fracture of the 
lining. The remaining 119 mm is accounted for as flexure of the 
lining. The offset takes place in a segment of the tunnel <30 m 
in length. 
ciated with any seismic event, and except for buckling of  the 
invert in the zone of fracture, no indication of vertical dis- 
placement is found. Because of this, the displacement probably 
reflects gradual creep along the fault zone. 

Displacement of the tunnel is not known to be asso- 

Duke and Leeds’ report that with the exception of damage 
caused by the 1906 and 1952 earthquakes, as reported above, no 
other reports of tunnel damage were discovered after reviewing 
over 215 tunnels in California including one that crosses the 
San Andreas fault. 
significant because severe earthquakes occurred in 1915 (Imperial 
Valley), 1925 (Santa Barbara), 1933 (Long Beach), 1940 (El Centro), 
and 1954 (western Nevada). 

They conclude that this experience is 

Mines or Other Deep Structures 

The damage from earthquakes to underground mines has been 
documented in several places. 
qualitative in nature and recounted from incidents in which 
damage has been assessed either by those working in the mine 
o r  by people that have visited the mines subsequent to the earth- 
quake. Quantitative data have been much more difficult to obtain 
and come primarily from a few sources. 
in the form of displacements o r  accelerations noted in mines in 
Japan, South Africa, and/or the United States. Recent Japanese 
data were obtained from Nishimatsu. 

Reports have generally been 

Most of these data are 

30 

The earlier Japanese work has been summarized by Duke and 
Several Japanese investigators measured earthquake Leeds . 

motion at depth and simultaneously at the surface. 
determined the ratio of displacement due to earthquakes at the 
surface and in tunnels at depths of up to 160 m. 
most striking was the 2.3-m transverse horizontal offset 0.6 m 
beyond a tunnel heading during the 1930 Tanna earthquake. 
depth displacement ratios were 4.2, 1.5, and 1.2 for periods of 
0.3, 1.2, and 4 seconds, respectively. The geology consisted of 
lake deposits at the surface and volcanic andesite and agglomerates 
at 160-m depth. 
four times less than at the surface. 

Nasu31 

One of the 

Surface/ 

Nasu concluded that underground motion may be 

Kanai32-34 measured accelerations at depths up to 600 m in 
a copper mine in Paleozoic rock in Hitachi, but unfortunately 
recorded data were from small earthquakes. The ratio of surface 
maximum displacement to that at 300-m depth was about 6:l at the 
mine and about 1O:l on the surface at a school -6 km away on 
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alluvium. 
to subsurface displacements were three times the above ratios. 
Displacements in these cases were exceedingly small because of 
the small nature o f  the earthquake measured. 
following attenuation laws with depth to 300 m as equations of 
the best fit curve to the data. 

Many earthquakes occurred where the ‘ratio of surface 

Kanai suggested the 

where 

d = displacement, cm 
v = velocity, cm/sec 
a = acceleration, cm/sec2 
T = period of the wave 
M = magnitude 
R = distance from the earthquake 

Okamoto3’ also measured accelera ion both at the surface and 
at depth. Acceleration records from the surface and at 38 m show 
the marked decrease in amplitude with depth (Figure 12). 3 6  Based 
on his findings, he suggested an attenuation law to 67 m in tuff. 

a 
R+40 (-7.604 + 1.724M - 0.1036M’) max log10 640 = - 100 

The Japanese observations indicate: 

0 For short periods, surface displacements are greater than 

0 The ratios of surface to underground displacements (to depths 
underground displacements. 

of 600 m) were dependent on surface geology, with a 
ratio of 1O:l in alluvium at the surface. 

surface to underground displacement approaches unity as 
period increases. 

These data indicate that f o r  a particular geology, a certain 
average period of a seismic wave produces a maximum surface- 
to-underground displacement ratio. 

0 For long period waves, greater than one second, the ratio of 

0 
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( b )  3 8 m  underground 

FIGURE 12. Acce lera t ion  Records Taken on the Surface and 
38 m Underground a t  Sudagai,  Northern Gumma 
Perfecture , Japan 

Carder36 reported that for the measurements made on the sur- 
face and at 1524-m depth at the Homestake Mine, microseismic 
events had periods of 4 to 5 seconds. 
of one second were recorded at the 91-m depth in the Homestake 
Mine with twice the amplitude of that recorded at a 1524-m depth. 
Recent- studies by  brad^^^ have indicated that seismic activity is 
noted prior to rock bursts, and some of these rock bursts have 
magnitudes of 3 to 4. Damage has been significant in a few of 
these cases. 
length precursor time plot at the lower end of the spectrum 
(Figure 13). 3 7  

earthquakes at Niigata, Japan, San Fernando, California, and 
several locations in the U.S.S.R. 

In later studies, P-waves 

These small mining-related earthquakes fit a fault 

At the upper end of the spectrum are the large 

Information on earthquake damage from South Africa was ob- 
tained during discussions with U.S. Geological Survey personnel. 
On December 16, 1976, a damaging earthquake of magnitude 5.0 to 
5 . 5  was recorded at Welkom, South Africa. A schematic structure 
section of the area is shown in Figure 14. The surface damage 
was extreme, with large structures failing. 
were noted in the mine at a depth of 2.0 km. 
the earthquake was Q J ~  km. 

Displacements 510 cm 
The focal depth of 
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In  both t h e  Rand Gold d i s t r i c t  and t h e  Orange Free S t a t e  
d i s t r i c t ,  s t u d i e s  were conducted t o  a s ses s  t h e  r e l a t i o n s h i p  of 
a c c e l e r a t i o n ,  displacement,  and frequency of earthquakes t o  
magnitude during t h e  mining opera t ion .  
4 km i n  depth.  McGwr3*noted t h a t  shear  displacements on t h e  
o rde r  of 5 t o  10 cm were a s soc ia t ed  with magnitude of 2 t o  3 
rock b u r s t s  due t o  r e s u l t i n g  s t r e s s  r e d i s t r i b u t i o n .  I t  must be 
emphasized t h a t  t h e s e  displacements were measured once t h e  a r e a  
was mined so t h e s e  displacements represent  r e l a t i v e  movement i n  
i n t a c t  rock away from a f r e e  su r face .  
important and may g ive  us, along with t h e  d a t a  a t  Welkom, some 
i n d i c a t i o n s  of upper bounds of disp1acements .near  earthquake 
sources  i n  t h e s e  very hard rocks.  

These mines a r e  up t o  

These d a t a  a r e  very 

The U .  S.  G .  S. 39 repor ted  i n  t h e  lessons  and conclusions 
of t h e  Alaskan earthquake of 1964 t h a t  no s i g n i f i c a n t  damage was 
repor ted  t o  underground f a c i l i t i e s ,  such as mines, and tunne l s ,  
as a r e s u l t  of t h e  earthquake, although some rocks were shaken 
loose  i n  p l aces .  Included i n  t h i s  ana lys i s  were s t u d i e s  of  t h e  
coa l  mines i n  t h e  Matanuska Valley which were undamaged, t h e  
r a i l r o a d  tunnels  nea r  Whi t t ie r ,  t h e  tunnel  and penstocks a t  t h e  
Eklutna h y d r o e l e c t r i c  p r o j e c t ,  and t h e  Chugach E l e c t r i c  Associa- 
t i o n  tunnel  between Cooper Lake and Kenai Lake. There were a l s o  
no r e p o r t s  of damage t o  t h e  o i l  and gas wel l s  i n  and along Cook 
I n l e t .  

The r e p o r t s  of non-damage from t h e  Alaskan earthquake are 
This  earthquake was one of t h e  l a r g e s t  (M = 8.5) s i g n i f i c a n t .  

t o  occur i n  t h i s  century,  and su r face  damage was extreme. 

Stevens4 summarizes t h e  na tu re  and geography o f  earthquakes 

Because in s t rumen ta l ly  der ived 
and g ives  numerous examples p e r t a i n i n g  t o  t h e  e f f e c t s  of e a r t h -  
quakes on underground s t r u c t u r e s .  
se i smologica l  d a t a  have been a v a i l a b l e  f o r  only about 70 yea r s ,  
t h e  p r i n c i p a l  sources  f o r  t h e  r e p o r t s  a r e  eyewitness accounts;  
t h e s e  made it exceedingly d i f f i c u l t  t o  quan t i fy  t h e  e f f e c t s  of 
t h e  ear thquakes.  The fol lowing inc iden t s  from Stevens concent ra te  
on those  events  which had s i g n i f i c a n t  e f f e c t s  on t h e  su r face  o r  
i n  t h e  subsur face ,  and a l s o  on those  which have q u a n t i t a t i v e  d a t a  
a s soc ia t ed  with them. 

An earthquake was repor t ed ly  f e l t  457 m underground a t  
V i rg in i a  C i ty ,  June 6 ,  1868.40 Observers s t a t e  t h a t  during an 
-earthquake a t  Vi rg in i a  C i ty ,  t h e  mines were not  caved i n  o r  
damaged; however, i n  some mines, t h e  flow of  water was g r e a t l y  
increased ,  while  a t  Gold H i l l ,  it was gene ra l ly  diminished. 

On August 2 2 ,  1952, t h e  s t rong  af te rshock  of t h e  Kern County 
earthquake caused concern f o r  a p a r t y  tou r ing  through Crys t a l  
Cave. The quake was f e l t  gene ra l ly  i n  t h e  a r e a  of Sequoia 
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National Park; however, no one in the party underground noticed 
the earthquake. 

During the 1960 Chilean earthquake, one of the strongest 

Later examination of these 
earthquakes on record, miners in coal mines heard strange noises 
but felt no effects of the quake. 
mines, which extend under the ocean, showed several old faults, 
but no new movement. 40 

Stevens has several general conclusions : 

0 Effects on mines are less severe than surface effects. 
- Severe damage is inevitable when a mine o r  tunnel inter- 
sects a fault along which movement occurs during an 
earthquake. 

-Mines in epicentral region of strong earthquakes, but not 
transected by fault movement, may suffer severe damage by 
shaking. 
tatively . Stevens did not define- the word severe quanti-- 

-Mines outside of epicentral regions are likely to suffer 
little o r  no damage from a strong earthquake. 

0 Damage to mines is most insignificant when they are located 
in highly competent, unweathered rock; greatest damage occurs 
in mines found in loose unconsolidated o r  incompetent rock. 
This is due to the diminished effect of shaking in competent 
rock; unconsolidated sediment is much more susceptible to 
damage caused by shaking. 

Similar results were reported by C ~ o k e " ~  for the Peru earth- 
quake of May 31, 1970. 
did no damage to 16 railroad tunnels totaling 1740 m under little - 
cover in zones of MM V I 1  to V I 1 1  intensity. 
reported t o  the underground works of a hydroelectric plant and 
3 coal and 2 lead zinc mines in the MM V I 1  intensity zone. 

The earthquake of Richter magnitude 7.7 

Also no damage was 

A number of mines are located in areas where earthquakes 
frequently occur; however, many of these areas are not studied 
scientifically, and so reports of possible damage do not exist. 
Japan is particularly significant because it is highly seismic, 
and records should exist. 
been carefully investigated. 

Europe is less seismic, but it too'has 

A summary of recent (1977) data from foreign sources based 
on personal communication and literature is presented below. 
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I n  Europe, we were unable  t o  f i n d  any s i g n i f i c a n t  r e p o r t s  of 
damage t o  deep underground s t r u c t u r e s  and mines due t o  ear thquakes.  
We have corresponded wi th  se i smolog i s t s  p r imar i l  
and Germany, b u t  records  of  damage do no t  e x i s t .  

i n  Switzer land 
x 2  

Profes so r  K. Mogi o f  t h e  Earthquake Research I n s t i t u t e  
r epor t ed  t h a t  he knew of  no damage i n  mines i n  Japan .43  
P ro fes so r  K .  Aki a t  Massachusetts I n s t i t u t e  of  Technology noted 
t h a t  a r a i l r o a d  tunnel  on t h e  main Tokyo l i n e  was o f f s e t  dur ing  
t h e  1930 Kita I zu  earthquake nearby. 44 
of  t h e  Engineering Facul ty  a t  t h e  Univers i ty  o f  Tokyo r epor t ed  
t h a t  t h e r e  were no records  o f  damage from coa l  mines nea r  t h e  
e p i c e n t e r  o f  t h e  Tokachi Oki ear thquakes of  1952 and 1968. One 
mine ope ra to r  r epor t ed  a small rock b u r s t  soon a f t e r  t h e  1968 
shock, sugges t ing  a p o s s i b l e  t r i g g e r i n g  by t h e  earthquake. The 
r eco rds  kept  i n  t h e  coa l  mines are complete, and t h e  nega t ive  
r e p o r t  above sugges ts  t h a t ,  i n  gene ra l ,  damage due t o  earthquakes 
is  n e g l i g i b l e .  

However, 

Professor  Y .  Nishimatsu3' 

Nishimatsu3' has  made a f i n i t e  element s tudy  of  s t r a i n  i n  
underground openings.  He r epor t ed  s t r a i n s  o f  n e a r l y  10 for an 
a c c e l e r a t i o n  of  50 g a l  (ga l  - a u n i t  o f  a c c e l e r a t i o n  equiva len t  
t o  one cent imeter  p e r  second p e r  second).  

The Japanese,  as r epor t ed  by Iwasaki e t  a1.45 obta ined  
a c c e l e r a t i o n  records  t o  depths  of  150 m below t h e  s u r f a c e  dur ing  
a f ive -yea r  pe r iod  from bore-hole  accelerometers  i n s t a l l e d  a t  
f o u r  l o c a t i o n s  around Tokyo Bay. Three of t h e  s i tes  were i n  
sands and c l ays ;  however, t h e  s i t e  a t  Kannonzaki was i n  a s i l t -  
s tone .  During t h e  pe r iod  of  ope ra t ion ,  d a t a  were obta ined  from 
16 ear thquakes ranging i n  magnitude from 4.8 t o  7.2.  
are presented  i n  Table 2 , 4 5  which g ives  t h e  a c c e l e r a t i o n s  recorded 
a t  t h e  f o u r  s i tes  and t h e  important earthquake parameters .  

Iwasaki e t  a1.45 concluded from t h e  a n a l y s i s  of  t h e  acce le ra -  

The r e s u l t s  

t i o n s  recorded i n  t h e  bore  ho le s  a t  t h e  d i f f e r e n t  depths  t h a t :  

0 The d i s t r i b u t i o n  of  t h e  maximum a c c e l e r a t i o n s ,  wi th  r e spec t  
t o  depths ,  changes cons iderably  wi th  t h e  change of  s o i l  
d i t i o n s  n e a r  t h e  ground s u r f a c e .  Rat ios  of  t h e  su r face  
a c c e l e r a t i o n  t o  t h a t  a t  t h e  deeper  l a y e r  (110 t o  150 m) 
about 1 . 5  a t  a rocky ground, 1 .5  t o  3 a t  sandy grounds, 
2.5 t o  3 .5  a t  a very  clayey ground. 

con - 

a r e  
and 
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TABLE 2 

Maximum Accelerations ( g a l )  During 16 Moderate 
Earthquakes Recorded Around Tokyo Bay, 
1970-1 9754 
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Although t h e  a c c e l e r a t i o n  va lues  a r e  smaller a t  deeper l a y e r s ,  
frequency c h a r a c t e r i s t i c s  of underground seismic motions are 
c l o s e  t o  those  of t h e  s u r f a c e  motions. 

The c h a r a c t e r i s t i c s  of  earthquake ground motions appear t o  be 
inf luenced  by seismic cond i t ions ,  such as magnitudes o f  e a r t h -  
quakes, e p i c e n t r a l  d i s t a n c e s ,  e t c . ,  as well as s o i l  condi t ions  
a t  t h e  s i t e .  

The damage t o  underground tunnels  and mines does not  have a 
l a r g e  d a t a  base ,  e s p e c i a l l y  with r e spec t  t o  measured displacement.  
However, t h e  r e l a t i o n  between v e l o c i t y  (and thus  d i s t a n c e  f o r  
M = 5, 6 ,  and 6.5) and damage l e v e l  has been summarized by Rozen. 
Strong t e n s i l e  and some r a d i a l  cracking was noted a t  su r face  
v e l o c i t i e s  of  152 cm/sec which would occur a t  d i s t ances  of about 
7-8 km during a magnitude 6.5 earthquake. 
seismic damage would be n e g l i g i b l e  i n  competent rock (Figure IS ) .  

2 

Even a t  t hese  l e v e l s  
2 

The d a t a  f o r  measured displacements as a func t ion  of depth 
are summarized i n  Figure 16. Surface displacements range from 
a t  least  1 t o  10 m, depending on geology, magnitude, e t c . ,  but  
decrease  markedly wi th  depth.  
measured a t  100-m depth i n  in s i tu  rock masses. Displacements 
of <7 m have been noted along p r e - e x i s t i n g  f a u l t s .  The d a t a  
base below 500 m i s  almost n e g l i g i b l e .  
South Africa needs more d e t a i l e d  s tudy of  displacement,  rock 
type ,  and l o c a l  t e c t o n i c  environment. 

Displacements of  525 cm have been 

The one d a t a  p o i n t  from 

We1 1 s 

The damage t o  water and o i l  wells has  been documented i n  a 
F a i l u r e  of  water wells i s  p r imar i ly  l i m i t e d  number of r e p o r t s .  

due t o  sanding o r  s i l t i n g ;  however, i n  some ins t ances ,  t h e r e  has  
been crushing ,  bending, o r  shear ing  of  t h e  cas ing  due t o  d i f f e r -  
e n t i a l  movement of  t h e  surrounding rock. The l a t t e r  mode of  
f a i l u r e  has  a l s o  a f f e c t e d  some o i l  we l l s .  
appears  t o  be more of  a near -sur face  phenomenon than  one a t  depths  
of >IO0 m, except where t h e  well c ros ses  a f a u l t .  

The damage t o  wel l s  during t h e  earthquake on J u l y  2 1 ,  1952 i n  
Kern County, C a l i f o r n i a  has been summarized by Steinbrugge and 
Moran.' Surveys were made of t h e  o i l  and gas f i e l d s  i n  t h e  a r e a  
by t h e  o i l  companies almost immediately a f te r  t h e  earthquake; 
however, d e t a i l e d  surveys were no t  made u n t i l  10 days a f t e r  t h e  
earthquake when no t i ceab le  changes began t o  occur i n  t h e  opera- 
t i o n s  of t h e  f i e l d s .  Var ia t ions  i n  product ion were pronounced 
i n  t h e  Tejon Ranch, Kern River,  and F rus tva le  f i e l d s  which t r end  
approximately north-south from about Bakers f ie ld  t o  Wheeler 
Ridge, C a l i f o r n i a .  The g r e a t e s t  amount of damage t o  subsurface 
equipment occurred i n  t h e  Tejon Ranch f i e l d  where seve ra l  shallow 

The damage t o  wells 
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wells were found t o  have t h e  cas ing  co l lapsed  o r  tub ing  kinked. 
In  6 wells, it was necessary  t o  r e d r i l l  t h e  well. 
River f i e l d ,  150 wells were found t o  be  sanded up as a r e s u l t  
of  t h e  ear thquake,  bu t  no cases of  damage t o  t h e  cas ings  were 
found. 
t h e  earthquake were predominantly i n  t h e  f i e l d s  producing from 
s o f t  unconsol idated formations.  

In  t h e  Kern 

The i n v e s t i g a t i o n s  revea led  t h a t  t h e  g r e a t e s t  effects of  
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The U.  S. G .  S. documented t h e  e f f e c t s  o f - t h e  Alaska e a r t h -  
quake, March 27, 1964, on we l l s  throughout most of  Alaska and 
t h e  changes i n  water l e v e l s  noted i n  t h e  lower 48. 
summarized t h e  damage t o  wells i n  Alaska as mainly due t o  sanding 
o r  s i l t i n g  o f  t h e  well o r  d i f f e r e n t i a l  movement of  ca s ing  caused 
by movement o f  t h e  surrounding rock.  Table 3 l i s t s  those  wells 
r epor t ed  by Waller as damaged and p e r t i n e n t  d e t a i l s  on each. A 
d e t a i l e d  t a b u l a t i o n  o f  d a t a ,  mainly from t h e  Anchorage areas, 
summarized from Waller is presented  i n  Appendix B .  Three c i t y  
we l l s  were damaged i n  Anchorage and poss ib ly  one p r i v a t e  well. 
The t h r e e  c i t y  we l l s  were a l l  damaged by movement r e s u l t i n g  i n  
b e n t o r b r o k e n  cas ing .  
f i l l  where d i f f e r e n t i a l  movement bent  t h e  cas ing;  however, t h e  
cas ing  was s t r a igh tened  and t h e  well was put  back i n t o  s e r v i c e .  
The o t h e r  two c i t y  wells were i n  o r  near  t h e  Turnagain s l i d e  
area and were destroyed by t h e  lateral movement. 
i n  Seward were damaged and rendered u s e l e s s  by ground movement 
and f i s s u r i n g ;  i n  Valdez, one well had t h e  cas ing  sheared a t  a 
threaded j o i n t  4.7 m below ground su r face .  Near Yakataga, one 
abandoned explora tory  o i l  well was sheared o f f .  No damage was 
repor t ed  t o  any of  t h e  o i l  and gas wells i n  and along Cook I n l e t .  

Waller46’47 

One of  t h e  damaged wells was i n  a r t i f i c i a l  

Three c i t y  wells 

After t h e  earthquake (M = 5.5)  i n  Southern I l l i n o i s  on 
November 9, 1968, t h e  I l l i n o i s  S t a t e  Geological Survey made a 
survey i n  t h e  area; t h e  r e s u l t s  were r epor t ed  by Heigold.48 
One o l d  plugged gas well su f f e red  cracks i n  t h e  cas ing  apparent ly  
as a r e s u l t  o f  t h e  ear thquake,  and a few w e l l  s t r u c t u r e s  i n  t h e  
immediate v i c i n i t y  of t h e  e p i c e n t e r  were damaged. 

Some damage t o  wells occurred during t h e  earthquake on 
February 9,  1971, i n  San Fernando, C a l i f ~ r n i a . ~ ” ~ ~  Minor damage 
was repor t ed  t o  a few o i l  wells i n  t h e  a rea ,  and a l l  seven wells 
which suppl ied  water t o  t h e  c i t y  o f  San Fernando su f fe red  damage 
dur ing  t h e  ear thquake causing a severe  water supply problem. 

O i l  wells i n  t h e  g r e a t e r  Los Angeles area which c ross  f a u l t s  
have had t h e  cas ing  ruptured  by movement along t h e  f a u l t s ;  however, 
it i s  unce r t a in  i f  t h e  movement i s  creep  of  a t e c t o n i c  o r i g i n  o r  
s e t t l emen t  due t o  subsidence.  

Damage t o  wells i n  t h e  San Joaquin Val ley due t o  compaction 
of  sediments caused by t h e  withdrawal o f  ground water  i s  r e l a t i v e l y  
common, but  t h i s  damage is  due t o  aseimic causes .  

A reduct ion  i n  peak a c c e l e r a t i o n  of  a f a c t o r  of  5 ,  from 
0.05 g a t  t h e  su r face  t o  0.01g a t  t h e  depth of 165 m i n  a bore- 
ho le ,  was noted dur ing  t h e  Briones3’ earthquake (ML = 4.5) .  
The borehole  was loca ted  i n  t h e  Hayward f a u l t  i n  Berkeley, 
C a l i f o r n i a  . 

5 1  
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TABLE 3 

We1 1 s Damaged by A1 aska Earthquake o f  March 1964" 

Locations 

Anchorage 

Anchor age 

Anchorage 

Anchorage 

Valdez 

Seward 

Seward 

Seward 

Depth, 
m 

143.2 

23.5 

151.5 

31.1 

7.3 

30.5 

30.5 

30.5 

Dime t e r ,  
m 

0.2032 

0.1524 

0.2032 

0.1524 

- 

- 

- 

- 

Earthquake E f f e c t s  

Casing bent and broken. East of the 
downtown section near Mountain View. 
Generally i n  clay with a few lenses 
of sand and gravel. 
Casing damaged (?)  . Private well, 
extent of damage unknown, new well 
d r i l l ed .  
In gravelly clay. 

On southern edge of town. 

Casing severely damaged, well 
destroyed by movement (sl ide) of 
s o i l .  In the Turnagain Heights 
area. 
sand layers and a few gravelly sands. 

In clay with several thick 

Casing destroyed, probably by move- 
ment of the surrounding material. 
Near the Turnagain Heights area. 
clay with some gravelly clay and sand 
near bottom. 

In 

Casing bent seaward by land movement 
and sheared a t  threaded jo in t  4 .7  m 
below ground surface. In outwash 
plane of glacier.  
Damaged; casing bent by movement of 
rock. 
Damaged by movement of a portion of 
the al luvial  fan; casing bent. 
Survived quake; about one month l a t e r  
pump turbine jammed because of slow 
ground movement or  settlement. 

a .  In a survey of 106 wells i n  Anchorage, Valdez, and Seward, these 
were the only wells damaged, although others commonly showed some 
effect  such as a change in  water level or  the water becoming muddy 
€or a period. 
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In genera l ,  t h e  performance of wells during ear thquakes i s  
q u i t e  good, with t h e  major damage r e s u l t i n g  from bending, c rush ing ,  
o r  shear ing  of  t h e  cas ing  due t o  d i f f e r e n t i a l  movement o f  t h e  
surrounding rock. In  gene ra l ,  t h e  major damage appears  t o  be t o  
shallow wells t h a t  are i n  unconsol idated sediments and near t h e  
su r face .  There i s  very l i t t l e  damage t o  wells deeper than  about 
100 m except where t h e  well c ros s  a f a u l t  p lane  along which 
movement occurs .  

Nuclear Events as  Earthquake Simulators 

The use  of  nuc lea r  events  as equiva len t  earthquake sources  
The d a t a  from 1 1 , 5 2 9  5 3  has been d iscussed  by a number o f  people .  

nuc lea r  events  can be use fu l  i n  a s ses s ing  t h e  p o t e n t i a l  damage 
from earthquakes t o  underground f a c i l i t i e s .  
v e l o c i t i e s ,  a c c e l e r a t i o n s ,  and displacements  from nuc lea r  events  
have been monitored c a r e f u l l y  because of  t h e i r  importance t o  
defense- re la ted  i s s u e s .  In  many cases ,  t h e  d a t a  are obta ined  a t  
condi t ions  t h a t  would be nea r  t h e  hypocenter o f  t h e  earthquake 
and thus  more severe  than  would be a n t i c i p a t e d  from any e a r t h -  
quake a f f e c t i n g  a nuc lea r  waste r e p o s i t o r y .  
p o s s i b l e ,  however, t o  p l ace  c e r t a i n  bounds on t h e  maximum acceler- 
a t i o n s ,  v e l o c i t i e s ,  and displacements expected from comparable 
ear thquakes.  
f o r  p o t e n t i a l  earthquake damage t o  waste r e p o s i t o r i e s .  I t  i s  
aga in  emphasized t h a t  t h i s  r e p o r t  i s  not  meant t o  a r r i v e  a t  any 
damage c r i t e r i a  f o r  a r e p o s i t o r y ,  bu t  t o  ga the r  t h e  a v a i l a b l e  d a t a  
and begin t o  assess damage c r i t e r i a  t h a t  might u l t i m a t e l y  be used 
f o r  t h e  seismic r i s k  assessment of  nuc lear  waste r e p o s i t o r i e s .  

The r e s u l t i n g  

I t  should be 

This  would be h e l p f u l  i n  e s t a b l i s h i n g  damage c r i t e r i a  

A t  t h e  o u t s e t ,  i t  i s  important t o  compare nuc lea r  events  
with earthquakes t o  determine t h e  s c a l i n g  r e l a t i o n s h i p s  between 
t h e  t w o .  An important p o i n t  t o  make i s  t h a t  a comparable m a g n i -  
tude only i n d i c a t e s  t h a t  P-wave signals from both earthquakes 
and explosions are of equal s t r e n g t h .  However, nuc lear  explosions 
tend t o  produce much weaker su r face  waves than do earthquakes of 
comparable body-wave magnitude (Figure 17) .  A s  a consequence, t h e  
su r face  wave energy a s soc ia t ed  with an earthquake of  a given body- 
wave magnitude i s  on t h e  o rde r  of  t e n  times t h a t  of  an explosion 
o f  an equal body-wave magnitude. l 1  
explosion does not  have t h e  same p o t e n t i a l  f o r  causing ground 
motion damage a t  t h e  sur face ,  as does a magnitude 5 earthquake. 
Table 4 l i s t s  seve ra l  nuc lea r  events  of  i n t e r e s t .  
g ives  t h e  body-wave magnitude as a func t ion  o f  y i e l d  f o r  explosions 
i n  var ious  rock types .  
SALMON), g r a n i t e  (PILEDRIVER, HARDHAT, and SHOAL), andes i t e  
(LONGSHOT, CANNIKIN, MILROW), and b a s a l t  (DANNYBOY). 

Therefore ,  a magnitude 5 

Figure 1811 

Events o f  i n t e r e s t  a r e  i n  s a l t  (GNOME, 

- 41  - 



EARTHQUAKES 
6.5 

I EXPLOSIONS 

M 

x 2’ x x e * A C  
4.5 

e 
(2.87k0.00) 

6.0 - 
5.5 - 

M+(1.43f0.19)m- (2.87k0.00) 

3.5 4.0 4.5 5.0 5.5 6.0 6.5 

m 
FIGURE 17. Mean Surface-Wave Magnitude (M) Versus Body-Wave 

Magnitude (m) f o r  28 Earthquakes and 26 Nuclear 
Explosions i n  Southwestern Nor th America, as 
determined by Canadian Measurements’’ 

TABLE 4 

Data f rom Nuc lea r  Events 

Nonriml 
Yie  Id, 

Gvent Region Mediwn k t  Map i  tude 

PILEDRIVER NTS Area 15 Granite 61 5.6 

HARDHAT NTS Area 15 Granite 5.9 4 . 2  

SHOAL Fallon, NV Granite ‘ 13 4.7 

GREELEY NTS Pahute Mesa Tuff 1030 6.0 

HALF BEAK NTS Pahute Mesa Rhyolite 365 6.0 

BOXCAR NTS Pahute Mesa Rhyolite 1200 6.3 

SEDAN NTS Yucca Flat Alluvium 100 4.2 

LONGSHOT Amchitak, AK Andesite 81 5 . 9  

MILROW Amchitak, AK Andesite 1200 6.1 

CANNIKIN Amchitak, AK Andesite 5000 6.8-7.0 

RULISON Grand Valley, CO SS.8 Shale 40 

SALMON Hattiesburg, MI Salt 5.0 

GNOME Carlsbad, NM Salt 3.1 
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It will therefore be necessary to compare explosions and 
earthquakes based on criteria such as accelerations and displace- 
ments. 
velocity (PSRV) curves for various magnitude explosions and relate 
them to the PSRV curves from earthquakes at equivalent distances. 
PSRV curves for nuclear events are shown in Figure 19 for the 
range of 1 to 1000 kilotons (kt) . R. Simonson (Terra Tek) 
compared the response spectrum for a megaton (Mt) shot at a scaled 
depth of -1991 m with the 1940 El Centro earthquake (M = 7.1) 
response spectrum (Figure 20). The results from the earthquake 
are similar to the BOXCAR event acceleration curve for 0.33 g 
maximum acceleration up to one-second period. Beyond one second, 
the acceleration is lower for the explosion. 'The BOXCAR acceler- 
ation curve is data taken 12.6 km from ground zero. 

One method of doing this is to plot the pseudo-relative 

Figure 21 shows the PSRV response of the north-south component 
from the 1940 El Centro earthquake and the north-south component from 
Las Vegas for the BOXCAR event.54 
estimate damage prediction, and the threshold evaluation scale to 
analyze buildings and the effects of building damage from ground 
motion. The BOXCAR event had a body-wave magnitude of "6 .5 .  
The BOXCAR event showed much lower acceleration, velocity, and 
displacement than did the El Centro north-south. The spectral 
response in terms of velocities, accelerations, and displacements 
is also shown for the BOXCAR event (Figure 22) .54 

The spectral plot is used to 

Direct measurement from large explosions in the Alaskan 
peninsula volcanic rock (andesite) yields significant data for near- 
field measurements of accelerations, velocity, and displacement. 
Measurements at the surface are important in assessing the role of 
pre-existing discontinuities in the resulting permanent displace- 
ments along faults in the neighborhood of explosions. These can 
be compared with the acceleration, velocity, and displacement 
measurements downhole. The problem of course, with the downhole 
measurements is that they are in the near-field region in an area 
of  extremely high accelerations, far greater than those that would 
be expected in the repository unless the earthquake was directly 
at the repository. These however, will be important upper bounds 
for the trends of resulting accelerations and displacements that 
might occur. 

9 

The three events of interest are LONGSHOT, MILROW, and 
CANNIKIN whose event statistics are given in Table 5. Peak 
yalues of  acceleration, peak velocity, and displacement from 
both subsurface and surface stations are shown in Tables 6 and 
7 .  Of particular interest are the vertical scaled acceleration, 
velocity, and displacement observed at MILROW and CANNIKIN. Even 
though subsurface motion data are also in the very high acceler- 
ation range, the peak and residual displacement values associated 
with these near-field distances from the event are of interest. 
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12.6 km (7.9 m i )  

Response Spectra f o r  a 1 - M t  s h o t  
1991 m (8500 ft) B u r i a l  Depth 1 M t ,  0.66 g Max. 
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7.5 km ( 4 . 7  m i )  
f r om G.Z 

1940 E l  Centro 
Response Spectrum 
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FIGURE 20. Acce le ra t i on  as a Funct ion o f  Per iod f o r  t h e  1940 
E l  Centro Earthquake and a Bur ied  1-Mt Nuclear Event5*  
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TABLE 5 

Nuclear Event S t a t i s t i c s  for LONGSHOT, MILROW, and CANNIKIN’ 

Dent LONGSHOT MILROW C A N N I K I N  

Date 10/29/65 10/2/69 11/6/71 

Depth, meters 70 1 1219 1791 

Rock Volcanic Breccia Pillow Lava Pillow Lava 

Yield, kilotons 81 -1000 <so00 

TABLE 6 

MILROW and CANNIK IN  Subsurface Motion Data’ 

Slant Arrival 
Station Depth, Range, Time, Acce Zeration, 
N o .  m m sec 9 

MILROW 
1-1-20 609.6 616.3 0.1465 67.3 
1-1-25 457.2 767.5 0,1372 36.1 
1-1-30 304.8 919.0 0.2332 27.3 
1-1-33 132.4 1071 0.2772 24.5 
I- 2- 37 91.4 1131 0.2983 19.6 
I- 2- 39 30.5 1192 0.3152 20.7 

CANN I K I N  

I- 25 1042 753.8 0.155 110 

I- 30 888 906.5 0.198 57 
1-40 623 1171 0.260 30 

1-45 470 1324 0.305 14 
1-50 316 1477 0.348 12 
1-55 162 1630 0.400 12 
1-57 90.8 1702 0.425 16 
1-58 60.0 1732 0.435 18 
1-59 30.8 1762 0.450 19 

Particle V e l o c i t y  
Peak, Pos. Phase, 
m/sec sec 

11.3 20.073 
8.35 1.38 
9.57 2.05 

5.03 1.32 
6.71 1.04 
8.90 1.03 

18.6 >0.20 

18.3 >0.17 
14.6 >0.45 
6.1 >0.57 
5.8 >0.52 
6.7 >0.46 
7.6 >0.20 
11.0 0.57 
10.0 1.26 

rn m 

>6 
3.53 +2.6 
4.65 +4.7 
2.59 +1.7 
3.68 +1.4 
4.93 +1.7 

>2 

>2 
>2.5 - 
>1.2 - 

>1.3 - 
>2.1 - 

>1.2 - 
>2.8 - 
5.69 - 

- 
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TABLE 7 

MILROW Sur face  Motion Data’ 

Stat ion 
No. 

s- 0 

s- 2 

s- 4 

s- 5 
SF- 6 

SF- 7 

S- 8 

s-11 

s-17 

S- 32 

Component 

Vert. 

Rad. 

Tang. 

Vert. 

Rad. 

Tang. 

Vert. 

Rad. 

Tang. 

Vert. 

Vert. 

Tang. 

Vert. 

Tang. 

Vert. 

Rad. 

Tang. 

Vert. 

Rad. 

Vert. 

Rad. 

Tang. 

Vert. 

Rad. 

Tang. 

Range, m 
HorizontaZ SZant 

75.6 1220 

572.7 1350 

1225 1733 

1354 1792 

1837 2196 

2010 2350 

2405 2697 

349 1 3696 

5199 5339 

9852 9930 

Arrival 
Mme, 
see 

0.328 

0.368 

0.471 

0.482 

0.620 

0.628 

0.722 

1.000 

1.405 

2.401 

Particle Velocity,a 
Aceelemtion, f Poaitive, Pos. Phase, Negative, 
Init iaZ Impact m/sec 

35.5 

1.6 

14.1 

2.5 

1.2 

6.9 

2.1 

5.8 

8.6 

-0.9 

2.7 

0.82 

3.2 

1.5 

1.6 

0.73 

0.25 

0.19 

0.03 

10.3 

2.9 

10.4 

-7.8 

6.6 

28.2 

10.1 

8.4 

19.4 

-3.9 

20.5 

-3.1 

6.2 

4.3 

1.8 

0.16 

0.30 

0.10 

8.44 

0.49 

0.22 

4.79 

0.91 

0.. 37 

3.29 

0.67 
0.14 

4.24 

1.86 

0.34 

1.22 

0.46 

1.83 

0.76 

0.46 

0.98 

0.43 

0.76 

0.43 

0.12 

0.21 

0.14 

0.05 

8ec m/sec 

1.1 -6.83 

1.9 -0.70 

-0.23 

0.64 -3.20 

1.1 -1.07 

-1.10 

0.47 -3.23 

1.1 -0.73 
-0.37 

0.36 - 3.75 

0.30 -2.38 

0.70 -0.34 

0.26 -2.26 

0.53 -0.28 

0.24 -1.80 

1.1 -0.37 

-0.49 

0.27 -1.04 

-0.55 

0.21 -0.79 

0.34 -0.26 

-0.10 

0.22 -0.25 

0.34 -0.18 

-0.05 

Displacement,a 
s ec 

4.32 

0.61 

0.03 

1 .so 
0.64 

0.05 

0.79 

0.53 
-0.07 

0.81 

0.30 

-0.13 

0.18 

-0.08 

0.23 

0.28 

-0.11 

0.15 

0.22 

0.08 

0.08 

0.04 

0.02 

0.02 

0.01 

a. Positive motion is upward in vertical components, outward in radial components, and 
clockwise in tangential components. 
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At distances of Q1 km, between 2.5 and 5 m of peak displacement 
was noted, but only 1.7 m o r  less of final residual displacement. 
These data are for accelerations on the order of 20 g's. 
must be remembered as a very large 5000 kiloton nuclear weapon 
equivalent to an earthquake of 'a body-wave magnitude of Q7. 
MILROW was a smaller event with peak displacements of less than 
2 meters at a kilometer range. The residual displacements were 
not measured. 
of the Alaskan event is shown in Figure 23 . '  The vertical dis- 
placement scales as 

CANNIKIN 

The scaled surface vertical displacement attenuation 

where 

6, = vertical displacement, cm 

R = range, m 

W = charge weight, kt 

Motion along faults that were mapped prior to the MILROW event in 
Alaska indicates that a maximum of 30 cm of vertical displacement 
and 10 cm of strike slip displacement resulted from the event 
(Figure 24). The distance of the Rifle Range fault was 1.9 km 
from the MILROW surface ground zero and gives a good indication 
of what displacements are like at those ranges. Two faults north- 
west of the CANNIKIN site were bracketed at those ranges. 
stations were on the opposite side of Teal Creek fault 1.5 km 
from surface ground zero and indicated a surface fault motion of 
0.3 m in the case of the Teal Creek fault strike slip displacement 
and a vertical displacement on the order of 1.0 m. 
ential motion across another fault at a distance of 3 . 0  km was 
0.25 m strike slip displacement and the order of 0.2 m o f  vertical 
displacement. At these distances, accelerations are -50 g's, 
equivalent to being near the epicenter of a major earthquake. 
However, it is difficult to relate these data to the subsurface data. 

Two 

The differ- 

Cooper54 summarized the velocity and stress data for nuclear 
events in hard rock and indicates that velocity generally falls 
o f f  as 

Uv = 1.6 x ~ o ~ ( ~ / w ~ / ~ ) - ~ * ~  

for scaled radius (Figure 25). 5 5  
in the data base. The data from softer rock (tuff) fall below 
the scatter band for hard rock. 

The Alaskan events are included 
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Important, observational data exist from the PILEDRIVER event 
in granite at the Nevada Test Site (NTS). 
Pratt, visited the site and noted that there was no apparent 
permanent displacement at a range of 425 m where accelerations 
were measured at approximately 30 g's. 
not faulted in the area observed. The conclusion is that there 
was no large-scale differential displacement in this granite rock 
mass at this acceleration level. 

The senior author, 

The rock was jointed but 

The GNOME nuclear event is of interest because it was lo -  
cated in salt in New Mexico, near the current site of a waste 
isolation demonstration program. 
3-kt explosion are shown in Figure 26 .  5 6  
in one of the potash mines, fell within a standard deviation of 
the particle acceleration -distance data obtained from a series 
of small chemical explosions in the same mine. 
curve for this acceleration -distance data was 

The acceleration data from the 
These data, obtained 

The regression 

1/3 -2.43 = 5.10 x 105(R/W ) 

Thus, this curve can be used with some confidence for predicting 
scaled accelerations in salt. 

Direct observations of vibration response and evaluation of 
mines observed during nuclear events have been documented fof 
project RIO BLANCO, RULISON, and MIGHTY EPIC.57-60 RIO BLANCO 
was a 90-kt event where particle velocity, acceleration, and 
displacement were recorded at oil shale mines located at slant 
range distances of 20, 45, and 110 km.57 Because of the large 
distances from ground zero to even the nearest mine, the peak 
velocity recorded was 1.14 x cm/sec, peak acceleration of 
27.02 cm/sec2, and maximum displacement of 2 .77  X 

Colony Mine. The seismic waves were relatively short and did 
not cause any significant visible damage. However, the micro- 
effects such as opening up subsurface joints and permanent micro- 
displacement were not analyzed. There was no significant damage 
due to the RIO BLANCO explosion in the mine. 
response for the roof and floor from the Colony Mine is shown in 
Figure 27. 

cm in the 

The average spectral 

5 7  

The surface motions from project RULISON, a nominal 40-kt 
device, located in West Central Colorado, for the purpose of 
natural gas stimulation in sandstone have been studied in detail. 
The observed peak particle velocity and displacement were meas- 

presented in Figure 28. 
and the resulting PSRV plot for station 4 at 9 km is 
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FIGURE 28. Velocity and Stress as a Function o f  Scaled 
Range f o r  the RULISON IV Event5* 
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The comparison with the 40-kt NTS data is-also given in the 
response spect'rum plot. 
slant distances of 10 km, and relative displacements about 2.1 cm 
were noted at distances of 9 km. A body-wave magnitude of 4.5-5.0 
was recorded for the RULISON event. Surface damage was noted at a 
nominal distance of 8 km. Subsurface dama e to one well was noted 
at 3-km radial distance from ground The ground motion 
from this event was noted in coal mines at distances up to 90 km. 
There was no resulting damage to the mines at these large distances. 

Accelerations of 1.0 g were seen at 

6 0  

In addition to these events, relative displacement was ob- 
served in the MIGHTY EPIC Event at the Nevada Test Site. 6 1  A dis- 
placement of $33 cm was noted along a pre-existing discontinuity. 
This was not one of the major distontinuities in the area, but had 
been delineated by U.S. Geological Survey mapping in the area. This 
data point indicates that within a tunnel system, relative block 
motion can occur at moderate stress levels along a pre-existing 
discontinuity. The stress level was high enough so that unless a 
repository was in the immediate vicinity of a large earthquake, 
displacement of this kind would not likely be observed. 

The seismological and geological evidence for block motion 
displacement associated with underground explosions has also been 
discussed by Backe and Lambert, based on observations on surface 
faulting, free field ground motions, and studies of aftershock 
activity. They conclude that there is a general lack of data in 
this field, but that the key parameter of block motion is the level 
of tectonic stress in the region of the explosions. They also con- 
cluded that it is unlikely that shearing block motion or large 
relative displacements occur outside the explosions shatter zone. 
They conclude from the large l-Mt BENHAM event that an upper limit 
on the associated block motions for this event is $50 cm at ranges 
up to 2 km or so. BENHAM was equivalent to a body-wave magnitude 
6.5-7.0 earthquake. They also indicate that the data base f o r  
surface events is very small, and they focused on data from con- 
tained explosion events. 

In summary, a large amount of acceleration, velocity, and dis- 
placement data in the subsurface are available from nuclear tests. 
These data are not directly applicable in evaluating subsurface 
effects of earthquakes at the present time. 
data may set upper bounds to the parameters of interest, but earth- 
quakes differ from nuclear tests in several important respects. 
The surface effects of earthquakes should be greater than that of 
nuclear tests of equivalent body-wave magnitude because more energy 
goes into surface waves. Thus earthquakes of equivalent body-wave 
magnitude are of higher total energy content. Also a nuclear test 
is a point source of energy; but an earthquake is usually a dis- 
persed source. 

Evaluation of these 
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Until there is a quantitative correlation of earthquakes with 
nuclear tests, this wealth of data should only be used qualitatively. 

CONCLUSIONS 

The potential seismic risk for an underground nuclear waste 
repository will be one of the considerations in evaluating the 
possible locations. 
formed to document the damage or non-damage to underground facili- 
ties due to earthquakes. 
placements and accelerations. 
U.S. and foreign experiences of earthquake damage to tunnels, mines, 
wells, and other underground facilities. An analysis of the damage 
from documented nuclear events was also evaluted where applicable. 

A literature search and evaluation were per- 

Damage was delineated in terms of dis- 
The sources of data include both 

The major conclusions developed from an assessment of the in- 
formation obtained in this study are summarized as follows: 

0 

0 

0 

0 

0 

0 

‘0  

0 

There are very few data on damage in the subsurface due to earth- 
quakes. 
earthquakes in the subsurface because mines exist in areas where 
strong earthquakes have done extensive surface damage. 
More damage is reported in shallow, near-surface tunnels than in 
deep mines. 
In mines and tunnels, large displacements occur primarily along 
pre-existing faults and fractures or at the surface entrance to 
these facilities. 
Data indicate vertical structures such as wells and shaft are 
also not as susceptible to damage as are surface facilities. 
Even in the Alaska earthquake of 1964 (M = 8.5) few wells were 
damaged in Anchorage except those sheared by landslides. 
Not enough data were found to assess the exact influence of rock 
type; however, the effects are less in consolidated materials 
than unconsolidated materials, such as alluvium. Geologic struc- 
tures, such as faults, seem to be a dominant factor in underground 
damage. 
Frequencies most likely to cause damage to subsurface facilities 
are significantly higher (50-100 Hz) than the frequencies (2-10 Hz) 
that cause damage to surface facilities. 
Acceleration and displacement data from nuclear explosions can 
give close-in upperbound limits for large earthquakes when a 
facility is very near the epicenter. 
More analysis is required before a seismic criteria can be formu- 
lated for the siting of a nuclear waste repository. 

This fact itself attests to the lessened effect of 

Specifically, data are very sparse below 500 m. 
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APPENDIX A - EARTHQUAKE DAMAGE TO TUNNELS 
(Data Summarized from Reference 2 )  

Damage Due t o  
Ground Failure and 

No. Earthquake hmne 1 Shaking Fault Movement Other Reasons 

1 Central CA Wright- 1 Caving in of rock Caving in of rock 
(San Francisco) and some breaking from roof and sides. 

of timber but to 
lesser extent com- 
pared to damage 
near the fault. rails. Breaking of 

Breaking in flexure 
of upright timber. 
Upward heaving of 

ties. Blocked in 
several points. 
Transverse horizontal 
offset of 4 . 5  ft 
under the fault. 

la 

lb 

2 

2a 

2b 

3 

4 

5 

Wright - 1 
Wright-1 

San Francisco, Wright-2 
1906 

Wright- 2 

Wright - 2 

Tokyo, 1923 Terao 
(Kwanto) 

Hichigama 

Taura 

6 Numama 

No damage. 

No damage. 

Broken timber, roof 
caved in. 

No damage. 

No damage. 

Cracked brick portal. 

Landslide at entrance. 

Landslide at entrance. 

Cracked brick portal. 

Nokogiri-Yama Concrete walls 
fractured slightly. 
Some spalling of 
concrete. 

Kanome- Yama 

9 A j o  

10 Ippamat zu 

11 

12 

Nagoye 

Komine 

Masonry dislodged 
near floor in 
interior. 

Interior cracked. 

Destroyed. RC blocks 
tilted. Ceiling slabs 
caved in. Formed 
section cracked. 

Entrance buried by 
landslide. Some damage 
to masonry portal. 

Landslides at entrance. 
Damage to masonry portal. 

Cracks in masonry near 
portals. 
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Lkqnse Due t o  

Shaking Fault M#vement Other Reaaons 
Ground Failure and 

No. 

13 

14 

15 

Earthquake mnne 1 

Fudu San 

Meno- Kamiama 

Yonegami-Yama 

Clean interior. 

Partial collapse. 

Minor interior 
masonry damage. 

Deformed masonry 
in interior. 

Badly cracked 
interior. 

Some interior frac- 
tures in brick and 
concrete. 

Interior cracked. 

Undamaged. 

Cracks in interior 

Cracked masonry portal. 

Cracks near portal. 

Portals closed by 
slides. 

Buried by slides. 

Shimomaki-Matsu 16 

17 Happon-Matsu 

18 Nagasahu Yama 

19 

20 

21 

Hakone- 1 

Hakone- 2 

Ceiling collapsed near 
portal. Some damage 
to masonry portal. 

Entrance almost com- 
pletely buried. 

Landslides buried 
entrances. 

Hakone- 3 

Hakone-4 

Hakone- 7 

Yose 

Doki 

m y a  

22 

23 

24 

Collapse of loose 
material. 

Interior collapse. 

Shallow portions 
collapsed and day- 
lighted. 

Collapses at shallow 
parts. 

Cave in. Cracks with 
10-inch (25 cm) 
displacement. 

Cracks in bulges in 
masonry from local 
earth pressure. 

Few cracks in walls. 7 ft 10 in. horizontal 
displacement, 2-ft 
vertical displacement 
just across the Tanna 
fault. 

25 

26 Landslide. 

27 Mineoka-Yama 

Tanna Idu Peninsula, 
1930 

28 

Brick arches of portal 
partially fractured. 

29 

30 

Fukui. 1948 Kumasaka 

Off Tokachi, 
1952 

Minor cracks in both 
brick and concrete 
linings. 

A 
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no. 

31 

31a 

31 b 

32 

33 

33a 

33b 

34 

34a 

34b 

35 

36 

37 

38 

39 

40 

4 1  

42 

43 

44 

45 

46 

47 

Earthquake 

Kern County, 
1952 

(Aftershock) 

(Aftershock) 

(Aftershock) 

(Aftershock) 

(Aftershock) 

(Aftershock) 

Kita Mino, 
1961 

Niigata, 
1964 

Great Alaska 
1964 

San Fernando, 
1971 

hmne 1 

S. P. R.  R. 3 

S. P. R. R. 3 

S. P. R. R. 3 

S. P. R. R. 4 

S. P. R. R .  5 

S. P.  R. R. 5 

S. P. R. R .  5 

S. P. R. R. 6 

S. P. R. R .  6 

S .  P .  R. R. 6 

Powerhouse 

Aqueduct 

Nezugaseki 

Terasaka 

Whittier-1 

Whittier-2 

Seward- 1 

Seward-2 

Seward- 3 

Seward-4 

Seward-5 

Seward- 6 

Ba 1 boa 

Rvmge Due t o  
Ground Failure and 

* Shaking Fault Movement Other Reasons 

Wrecked under 
White Wolf f a u l t .  
Daylighted. 

No damage. 

No damage. 

Wrecked under f a u l t .  
Day1 ighted. 

Wrecked under f a u l t .  

No damage. 

No damage. 

Fractured, dayl ighted.  

No damage. 

No damage. 

No damage. 

Cracking. 

Spa l l ing  of  concrete  
a t  crown. 

Spal l ing  of  concrete  
a t  crown, crushing of  
inver t  a t  bottom o f  
s idewalls .  

Some overhead ravel-  
l i n g  of  loose rock 
which fa l ls  on t h e  
t rack .  

Cracking a t  p o r t a l .  

No damage. 

No damage. 

No damage. 

No damage. 

No damage. 

No damage. 

No damage. 

Severe spa l l ing ,  breaking of  concrete  l in ing ,  
deformations where tunnel passed under canyon 
a t  shallow cover, only 36 m (120 f t )  south 
of  Santa Suzana f a u l t .  No breaking of re -  
inforcing bar  a t  RC blocks. 
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No. Earthquake 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 Inyokern, 

62 

63 

64 

65 Arvin, 

66 

67 

68 

69 

70 Chalome. 

71 

1946 

Tehachapi 

1927 

hutnel 

San Fernando 

McLay 

Chatsworth 

Tehachapi-1 

Van Norman 
Inlet 

Tehachapi-2 

Tehachapi- 3 

Carley Porter 

Van Norman 
North 

Saugus 

San Francisquito 

Elizabeth 

Ante lope 

Jabbine- 1 

Jabbine-2 

Jabbine- 3 

Freeman 

Saugus 

San Francisquito 

Elizabeth 

Antelope 

Jawbone 

Jawbone 

Freeman 

hnage Due to 

Shaking Fau I t Movement Other Reasons 
Ground Failure and 

Maximum displacement 
and damage near 
Sylmar fault. 

A large vertical dis- 
placement of 2.3 m 
along 9 km, causing 
flexural cracks. 

Wide long cracks. 
No local buckling. 

Slight damage. 

No damage. 

No damage. 

No damage. 

No damage. 

No damage. 

Hundreds of new 
fractures in concrete 
lining. No structural 
damage. Fractures 
primarily circumferen- 
tial, also longitu- 
dinal and diagonal. 

No damage. 

No damage. 

No damage. 

No damage. 

No damage. 

No damage. 

No damage. 

No damage. 

No damage. 

No damage. 

No damage. 

No damage. 

No damage. 

No damage. 
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EARTHQUAKES' DATA 

No. 

1 

la 

lb 

2 

2a 

2b 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

Earthquake 2lmne 2 

San Francisco, Wright-1 
1906 

San Francisco Wright-2 

Kwanto, 1923 Terao 

Hi ch i gama 

Taura 

Numama 

Nokogiri- 
Y a m  

Kanome- 
Yama 

Ajo 

Ippamat zu 

Naguye 

Komine 

Fudu San 

Meno Kamiana 

Yonegami- 
Yama 

Sh imoma k i 

Happon Matsu 

Nagashu Yama 

Kwanto, 1923 Hakone-1 

Hakone-2 

Hakone-3 

Hakone-4 

M 

8.16 

6.1 

6.6 

8.3 

6.1 

6.6 

8.16 

8.16 

8.16 

8.16 

8.16 

8.16 

8.16 

8.16 

8.16 

8.16 

8.16 

8.16 

8.16 

8.16 

8.16 

8.16 

8.16 

8.16 

8.16 

8.16 

R Depth a V d I, Duration 

135 15 0.13 26.9 42.1 10 RF 40 

40 15 0.10 10.4 10.4 <lo 

20 15 0.23 25.7 23.7 -10 

135.8 15 0.13 26.8 41.9 10 RF 40 

42.7 15 0.10 9.9 10.0 (10  

25 15 0.20 22.7 21.6 -10 

31.6 10 0.47 82.5 91.8 35 

36.4 10 0.42 74.8 99.1 35 

31.6 10 0.47 82.5 91.8 35 

46.0 10 0.35 62.8 75.1 35 

70.7 10 0.24 43.9 57.7 35 

26.9 10 0.52 91.6 117.1 35 

25.0 10 0.55 95.8 112.5 35 

25.0 10 0.55 95.8 112.5 ' 35 

24.0 10 0.50 98.1 107.4 35 

26.9 10 0.52 91.6 99.1 35 

24.0 10 0.50 98.1 ,107.4 35 

32.0 10 0.46 81.8 91.2 35 

32.0 10 0.46 81.8 91.2 35 

36.5 10 0.42 74.7 85.3 35 

20.0 10 0.63 108.7 112.5 35 

22.4 10 0.59 102.1 107.4 35 

15.6 10 0.72 123.0 123.2 35 

15.6 10 0.72 123.0 123.2 35 

17.2 10 0.69 117.4 119.0 35 

19.7 10 0.64 109.6 113.1 35 

M = magnitude v = velocity, cm/sec 
R = distance from the earthquake, km d = displacement, cm 

Depth = depth to hypocenter, km Io = intensity at epicenter 
a = acceleration, cm/sec Duration = seconds 
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A 

No. 

23 

24 

25 

26 

27 

28 

29 

50 

31 

3!a 
31b 

32 

33 

33a 

33b 

34 

34a 

34b 

35 

36 

37 

38 

39 

40 

41 

42 

43 

Earthquake 

Idu, 1930 

Fukui, 1948 

Off Tokachi, 
1952 
Kern County, 
1952 

Kern County, 
1952 

Kern County, 
1952 

Kita Mino, 
1961 

Niigata, 1964 

Alaska, 1964 

Tunne 1 

Hakone- 7 

Yose 

Doki 

Hamuya 

Mineoka Y a m  

Tanna 

Kumasaka 

S. P. R. R. 3 

S. P. R. R. 3 
S. P. R. R. 3 

S. P. R. R. 4 

S. P. R. R. 5 

S. P. R. R. 5 

S. P. R. R. 5 

S. P. R. R. 6 

S. P. R. R. 6 

S. P. R. R. 6 

Powerhouse 

Aqueduct 

Nezugaseki 

Terasaka 

Whittier-1 

Whittier-2 

Seward- 1 

Seward- 2 

Seward- 3 

M R Depth a 2, d 10 

8.16 22.4 10 0.59 102.1 107.4 

8.16 26.9 10 0.52 91.6 99.1 

8.16 61.0 10 0.27 49.9 63.4 

8.16 63.0 10 0.26 48.5 62.1 

8.16 65.0 10 0.26 47.3 60.9 

7.0 0 -  

7.2 25.0 10 0.30 39.5 39.3 

8.0 ? ? 4-5 

Duration 

35 

35 

35 

35 

35 

15 

15-20 

30- 35 

7.6 46.0 20 0.24 37.5 42.9 10-15 

6.1 29.0 20 0.13 13.0 12.2 <lo 
5.8 21.0 20 0.14 12.0 10.4 -5 

7.6 46.0 20 0.35 37.5 42.9 10-15 

7.6 46.5 20 0.24 37.2 42.7 10-15 

6.1 16.0 15 0.19 18.1 15.6 <lo 

5.8 16.0 15 0.16 13.8 11.5 -5 

7.6 46.5 20 0.24 37.2 42.7 10-15 

6.1 16.0 15 0.19 18.1 15.6 <lo 

5.8 16.0 15 0.16 13.8 11.5 -5 

7.2 32.0 25 0.25 33.7 39.3 15-20 

7.2 ? 25 

7.5 ? 40 

7.5 ? 40 

8.4 75.0 30 0.26 52.0 79.4 

8.4 75.0 30 0.26 52.0 79.4 

8.4 85.0 30 0.23 46.3 64.8 

8.4 85.0 30 0.23 46.3 64.8 

8.4 100 30 0.19 39.7 60.9 

15-20 

20-25 

20-25 

45 

45 

45 

45 

45 
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No. Earthquake hmne I M 

44 Seward-4 8.4 

R Depth a 

100 30 0.19 

110 30 0.19 

115 30 0.17 

16 13  0.23 

V 

39.7 

36.2 

34.7 

23.9 

d Io 

60.9 

56.7 

56.7 

21.0 8-9 

Duration 

45 

45 

45 

15 

45 

46 

Seward-5 8.4 

Seward-6 8.4 

47 San Fernando, Balboa 
1971 

6.4 

48 San Fernando, San Fernando 6.4 
1971 

21.0 16 13  0.23 23.9 15 

49 San Fernando, McLay 
1971 

6.4 16 13  0.23 23.9 21.0 15 

15 50 San Fernando, Chatsworth 6.4 
1971 

51 San Fernando, Tehachapi-1 6.4 
1971 

52 San Fernando, Van Norman 6.4 
1971 I n l e t  

53 San Fernando, Tehachapi-2 6.4 
1971 

20 13  0.20 21.4 19.. 4 

70 13  0.08 8.7 15 10.0 

33 13  0.15 15.8 15.5 15 

73 1 3  0.07 8.4 9.7 15 

15 

15 

15 

54 San Fernando, 
1971 . 

San Fernando, 
1971 

San Fernando, 
1971 

San Fernando, 
1971 

Tehachapi - 3 6.4 73 1 3  0.07 8.4 9.7 

55 Carley Por te r  6.4 65 13  0.08 9.3 10.5 

56 Van Norman 
North 

Saugus 

6.4 2 3  1 3  0.19 19.8 18.3 

57 6.4 23 13  0.19 

24.5 13  0.18 

19.8 18.3 15 

58 

59 

60 

61 

62 

63 

64 

65 

San Francisqui to  

El izabeth 

Antelope 

Jawbone 

Jawbone 

Jawbone 

Freeman 

Saugus 

6.4 

6.4 

6.4 

6.3 

6 .3  

6.3 

6.3 

7.7 

19.1 

17.9 

14.4 

16.8 

16.0 

15.0 . 

18.5 

23.0 

17.8 

17.0 

14.5 

15.7 

15.2 

14.4 

16.9 

31.0 

15 

15 

15 

27.3 13 0.17 

37.5 13  0.13 

26.0 15 0.16 

28.0 15 0.16 

31.0 15 0.14 

22.0 15 0.18 

90.0 20 0.14 

Inyokern, 1946 

Arvin 
Tehachapi. 1952 

66 

67 

68 

69 

70 

71 

San Francisqui to  

El izabeth 

Antelope 

Jawbone 

Jawbone 

Freeman 

7.7 

7.7 

7.7 

7.7 

6 .1  

6.1 

75.0 20 0.17 

70.0 20 0.18 

48.0 20 0.25 

90.0 20 0.14 

52.0 20 0.08 

52.0 20 0.08 

27.2 

29.0 

39.7 

23.0 

8.5 

8.5 

35.0 

36.7 

46.3 

31.0 

8.9 

8.9 

Chalone, 1922 
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APPENDIX B - EFFECTS OF THE MARCH 1964 EARTHQUAKE 
ON WELLS OF THE ALASKA AREA 

(Data Summarized from Reference 46) 

Depth, 
No.a meters 

1 

2 

3 

4 

5 
6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20  

21 

22 

23 

24 

25 

19.8 

13.7 

19.5 

45.7 

22.2 

14.9 

17.1 

17.2 

15.8 

37.2 

41.4 

40.8 

138.1 

18.9 

65.2 

64.9 

30.5 

39.3 

78.6 

106.4 

41.1 

97.5 

82.3 

54.9 

Diameter, 
meters 
0.1524 

0.1524 

0.1524 

0.2032 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.2032 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.2032 

0.1524 

0.0762 

0.1524 

0.254 

0.254 

Water kveZ, meters 
(belo# tmtd surface I 
Before After  Earthquake Effects  

9.5 

Flowing 

10.4 

2.6 

21.9 

39.0 

13.6 
14.2 

7.6 

62.8 

25.1 

25.9 

1.5 

Flowing 

34.1 

18.0 

12.4 

26.4 

10.8 

Flowing 

2.3 

17.6 

21.7 

7.0 

28.9 

22.7 

26.9 

Water l e v e l  dropped 7.6 m. F i ssure  
nearby; pumped sand. 

Well went dry; d r i l l e d  another well 
t o  49 m. 
Water level probably f e l l  a t  l e a s t  
1.5 m. 
Unaffected. 

Unaffected. 

Reportedly went dry; was r e d r i l l e d .  

Unaffected. 

Muddy f o r  1 day. 

Went dry  and d r i l l e d  t o  37.5 m 
i n  4-64 water l e v e l  now 9.1 m. 
Unaffected. 

Went dry  3 weeks a f t e r  quake. 
Deepened 4 m. 

Water l e v e l  dropped a t  least 4 m. 
Water l e v e l  dropped a t  l e a s t  7.6 m. 

Muddy f o r  1 day. 

Went dry  about 1 month a f t e r  quake. 
Deepened 3 m with less production 
than before quake. 

Went dry; recovery unknown. . 
Muddy f o r  about 1 week. 

Muddy f o r  2 days. 

Water l e v e l  dropped about 5.8 in; 
s t i l l  recovering (10-64). 
Lost a r t e s i a n  flow; has no t  returned. 

Water level rose  and f e l l ;  now a t  
40 m (9-64). 
Muddy f o r  2 days. 
Water level rose  and f e l l ;  s t i l l  
recovering a t  16.4 m (9-64). 
Unaffected. 

Unaffected. 

a .  Well numbers r e f e r  to those on map in U. S. G. S. Professional Paper 544B.46 

- 69 - 



Depth, 
meters 

50.3 

Water Level, meters 
j’beZow land surface) 
Before After Earthquake Effects  

Dime t e r ,  
meters 
0.1524 

No. 
26 Pumped sand f o r  2 days. 

levelunchanged. 
Went dry, possibly s t i l l  dry. 

Muddy about 1 day. 
Went dry; came back about 1 month 
l a t e r .  

Pumped sand f o r  1 day or  so. 
Muddy f o r  undeterminable length of 
time. 

Unaffected. 
Water leve l  dropped about 7.6 in. 
Completely recovered. 
Muddy f o r  2 days; water level  
dropped about 2.4 m. 

Pumped sand; s t rong odor f o r  1/2 
day. 
Water leve l  dropped a t  l e a s t  0 . 3  m .  
Water leve l  dropped about 3 m; 
recovered 1.8 m. 
Unaffected. 

Unaffected. 
Water level  probably dropped; f a s t  
recovery. 

Muddy f o r  4 days. 

May have d r o p p d  before recovering. 

Unaffected. 

May have dropped more than 2.1 m .  

Unaffected. 
Dropped a t  l e a s t  1 . 2  m. 

Possibly dropped 0.46 m. 
Muddy f o r  about 2 weeks; water 
leve l  dropped s l i g h t l y .  

Unaffected. 

Unaffected. 
Muddy f o r  2 days. 

Casing bent and broken. 

Water 

27 

28 

29 

50.3 

59.4 

87.2 

0.1524 

0.1524 

0.1524 

47.8 

7.0 

12.8 

30 

31 

62.8 

21.4 

0.1524 

0.1524 

1 

7.6 

32 

33 

19.2 

148.1 

0.1524 
Flowing 7.6 

3.6 34 35.0 0.1524 1.2 

35 14.0 0.1524 4.3 

36 
37 

40.8 
30.5 

0.1524 
0.1524 

4.1 
8.2 

4.6 
11.5 

0.2032 

0.1524 

0.2032 

38 

39 

’ 40 

69.5 

61.0 

112.8 

46.9 

Flowing 

37.4 36.9 

4 1  

42 

43 

44 

45 

46 

47 

48 

14. a 
16.8 

11.3 

42.3 

48.5 

68.6 

6 .1  

32.0 

0.1524 11.6 

1 2 . 2  

9.1 

5.6 

9. a 
7.8 

2.4 

7.1 

11.5 

0.1524 

0.2032 

0.254 

0.2032 

0.1524 

0.1524 

7.7 

9.0 

2.8 

49 

50 
51 

52 

53 

54 

29.9 

37.5 

6.7 

143.2 

45.4 

64.0 

0.1524 

0.1524 

0.1524 

0.2032 

0.1524 

0.2032 

7.1 

5 . 8  
1.5 

23.0 

7.1 Unaffected. 
16.0 20.5 Dropped a t  l e a s t  4.6 m ;  maybe 

p a r t l y  due t o  pumpage. 
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No. 
55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72  

73 

74 

75 

76 

77 

78 

79 
80 

81 
82 

83 
84 

85 

Depth, 
meters 

69.2 

95.4 

32.3 

47.8 

39.6 

30.2 

34.1 

41.8 

23.5 

9.4 

34.7 

45.4 

36.6 

16.2 

42.7 

26.8 

32.0 

27.1 

42.4 

11.0 

53.6 

32.9 

10.0 

14.6 

15.5 
30.5 

54.2 
14.6 

64.3 

151.5 

31.1 

Dime t e r ,  
meters 
0.1524 

0.1524 

0.1524 

0.2032 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 

0.1524 
0.1524 

0.1524 

0.1524 

0.2032 

0.2032 

0.1524 

Water Level, meters 
(bel& land surj%ce) 
Before After  

0.61 

9.1 

Flowing 

Flowing 

10.0 
4.6 

39.9 

Flowing 

8.5 

18.1 

6.0 

Flowing 

4.3 

6.4 

25.9(?) 

7.9 

21.4 

4.6 

2.1 

3.0 

1 . 4  
4.1 

10.7 

6.1 

5.5 

17.1 

13.2 

18.3 

Flowing 

Flowing 

19.9 

7.2 

7.1: 

24.4f 

26.0 

2.0 

8.2 

18.2 

19.1 

Earthquake Effects 
Unaffected. 

Muddy 2 days; production poor a t  
low t i d e s  now. 

Muddy f o r  1 day. 

Muddy f o r  3 days. 

Unaffected. 

Muddiness c leared with pumping. 

Muddy f o r  2 days. 

Quite muddy f o r  several  days. 

Reported t o  have been pol lu ted  by 
quake. Damaged casing (7). 
Unaffected. 

May have dropped 1.5 m or more. 

Dropped a t  l e a s t  0.9 m .  

Flow l o s t  and had t o  i n s t a l l  pump. 

Muddy f o r  about 1 week. 
6.1 m of  mud i n  casino. 
3.8 L/sec f o r  30 hour t o  c l e a r .  

Water leve l  f e l l  (pump damaged). 

Unaffected. 

Unaffected. 

Water leve l  f e l l  a t  l e a s t  3.0 m 
and perhaps 6.1 m. 
Muddy f o r  unknown length of time. 

Unaffected. 

Unaffected. 

Had t o  r e d r i l l ;  now has "ar tes ian" 
a t  13.7 m. 

Unaffected. 

Minimum drop about 4 .3  m. 
Unaffected. 

Unaffected. 
Muddy for 5 days. 

Possible  drop of 1.2 m or more. 
Presumablv f e l l  minimum of 5.8 m; 
casing severely damaged. In the  
Turnagain Heights area. 

Water leve l  f e l l  and ?%sing destroyed, 
near  Turnagain Heights. 

Pumped a t  
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No. 
86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 
97 

98 

99 

100 

Valdez 

Valdez 

Valdez 

Seward 4 

Seward 5 

Seward 6 

Depth, Diameter, 
meters meters 

24.1 0.1524 

31.7 0.1524 

16.4 0.1524 

24.7 0.1524 

4.9 4.9 

70.7 0.1524 

123.7 0.2032 

92.9 0.1524 

112.8 4.9 

97.2 0.1524 

71.0 0.1524 
84.7 0.2032 

35.7 0.1016 

70.4 0.1524 

164.6 0.254 

7.3 

Q30.5 

Q30.5 

Q30.5 

Water Level, meters 
(below land surface) 
Before After  Earthquake Effects  
19.2 19.7 Probably unaffected. 

Flowing Flowing Unaffected. 

4.9 

6.1 

2.4 2.3 

15.2 

16.3 17.4 

15.2 

18.6 21.3 

17.0 

18.3 
12.2 

3.0 3.8 

2.4 8.3 

47.2 50.3 

Very muddy f o r  3 days; report  1 odor. 
Muddy f o r  many weeks; water level  
may have dropped. 

Water leve l  rose s l i g h t l y ;  normal 
i n  one day. 

Unaffected. 

Probably dropped a t  l e a s t  0.91 m ,  
possibly more. 

Unaffected. 

Unaffected ( 7 ) .  Heavily pumped, 
water leve l  down 2.7 m .  

Unaffected. 

Muddy f o r  1 day. 
Muddy f o r  1 day. 

Water leve l  dropped about 0.91 m. 

Water level  reported t o  have dropped 
12.2 m. 
Water leve l  dropped about 3.0 m .  
Bent seaward by land movement; casing 
sheared 4 . 7  m below rne surface.  
Damaged, possibly by e l e c t r i c  
f a i l u r e .  

Unaffected 

Damaged; casing bent by ear th  
movement. 

Damaged; casing bent by movement 
of p a r t  of a l l u v i a l  fan. 
Survived quake; about 1 month l a t e r  
pump turb ine  jammed because of 
ground movement o r  set t lement .  
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